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ABSTRACT

This study investigates the dynamic shifts in refrigerant technologies driven by environmental regulations, particularly
emphasizing low global warming potential (GWP). Moreover, there is a rising trend in the adoption of aluminum
tubes with internal axial micro-fin structures in heat exchangers to reduce costs. The research focuses on the
condensation process within an expanded axial micro-fin aluminum tube with a 5.96 mm fin-tip diameter. Various
refrigerants are analyzed, including both single compounds (R-32, R-1234yf, R-1234ze(E)) and zeotropic mixtures
(R-454B, R-454C, R-455A). Experimental procedures cover a range of condensation temperatures (35~45 °C),
reduced pressures (0.21~0.55), and mass fluxes (150~350 kg/(m? s)), providing crucial data on heat transfer
coefficients (HTC) and frictional pressure gradient (FPG). This data is particularly significant for high-glide
refrigerants and is instrumental in the design of advanced air conditioning and refrigeration systems aimed at
mitigating global warming.

DISCLAIMER: This manuscript has been authored by UT-Battelle, LLC under Contract No. DE-AC05-000R22725 with the U.S.
Department of Energy. The United States Government retains and the publisher, by accepting the article for publication,
acknowledges that the United States Government retains a non-exclusive, paid-up, irrevocable, world-wide license to publish or
reproduce the published form of this manuscript, or allow others to do so, for United States Government purposes. The Department
of Energy will provide public access to these results of federally sponsored research in accordance with the DOE Public Access
Plan (http://energy.gov/downloads/doe-public-access-plan).

1. INTRODUCTION

The US Congress, through the American Innovation and Manufacturing Act, has authorized the Environmental
Protection Agency (EPA) to reduce US production and consumption of high-global-warming-potential (GWP)
hydrofluorocarbons (HFCs) by 85% by 2036 (EPA, 2023). In parallel efforts, several Western European countries
have commenced the initial phase of phasing out high GWP HFCs to combat global warming (Nair, 2021).

Within the domain of air conditioning and refrigeration, prominent refrigerants such as R-410A (GWP = 2,088), R-
134A (GWP = 1,430), and R-404A (GWP = 3,922) are widely utilized. In response to imperative greenhouse gas
reduction targets, the chemical industry is actively investigating a spectrum of alternatives characterized by diminished
Global Warming Potentials (GWPs). Immediate replacements for R-410A include R-32 (GWP = 675) and R-454B
(GWP = 466), with the latter constituted by a blend comprising 68.9% R-32 and 31.1% R-1234yf (GWP = 4).
Envisaging longer-term strategies, R-454C (GWP = 148), comprising 21.5% R-32 and 78.5% R-1234yf, is projected
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to supplant both R-410A and R-404A. Another prospective solution, R-455A (GWP = 148), composed of 21.5% R-
32, 75.5% R-1234yf, and 3% CO2, embodies GWPs below the 150 thresholds. Additionally, R-1234yf and R-
1234ze(E) (GWP = 6) are being deliberated as enduring alternatives to replace R-134A.

Table 1: Prior studies on refrigerant flow condensation in micro-fin tubes.

D; G
. * 1 (o) (]
Author (year) Refrigerants (mm) B(® | Tsa (°C) (kg/m’s)
o . R-22, R-32, R-134a, R-
Torikoshi and Ebisu (1993, 1994) 32/R134a 6.4 18 50 143-569
Kedzierski and Goncalves (1997), Choi R-32, R-125, R-410A, R-
et al. (1999) 1342 8.92 18 22-51 85-500
R-744/R-32/R-12347¢(E),
Kondou et al. (2014a, 2015) 4.94 20 40 150-400
R-32/R-1234z7¢(E)
R-134a, R-1234ze(E), R-
Kondou et al. (2014b) 1234ze(2) 4.94 20 65 150-400
Diani et al. (2017) R-1234yf 3.4 18 30/40 10000_0
R-134a, R-1234vf, -
Diani et al. (2018a) s 24 |7 |30m0 |3
R-1234z¢(E) 1,000
Diani et al. (2018b) R-134a, R-1234z¢(E) 3.4 18 30/40 }000(;()
Hirose et al. (2018) R-32, R-152a, R-410A 3.48 17 35 100-400
Hirose et al. (2019) R-1234z¢(E) 4.84 ég_ 50 50-400
Kondou (2019) R-1123/R-32 3 18 40 200-400
Bashar et al (2020) R-1234yf 2.14 10 20/30 50-200
Diani and Rossetto (2020) R-513A 2.5 7 30/40 ?000&)
Diani et al. (2020) R-513A 34 |18 |3040 | 190~
1,000
Karageorgis (2021) R-513A 892 | 107 |35 100-440
. . R-448A, R-449A, R-455A,
Kim and Kim (2021) RASAC 6.3 18 45 80400
Longo et al. (2021) R-32, R-410A 4.2 18 42‘(9)?7 98-605
Mainil et al. (2022) R-1234yf 3 10 20/30 50-300
Irannezhad et al. (2023) R-450A, R-454B 4.28 30 30/40 75-400
Irannezhad et al. (2024) R-1234z¢(E) 4.28 30 30/40 100-600
11.8 18 4313/35/38/ 40-210
Lu et al. (2024) R513A
8.52 18 ‘33/35/38/ 90-270
Ubudiyah et al. ( 2024) R-32, R-1234f 3.18 10 20/30 50-200
Zhang et al. (2024) R513A 89'8/11 18 35/38/40 | 50-250

* Low GWP refrigerants are denoted by underline text.

Previous research conducted by Jajja et al. (2022, 2023) delved into refrigerant flow condensation employing smooth
copper tubing (for R-32 and R-454B) and smooth aluminum tubing (for R-32, R-454B, and R-454C). The investigation
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uncovered discrepancies in heat transfer performance predictions for aluminum tubes by existing models.
Additionally, it was noted that the temperature glide of refrigerant mixtures notably impacts the precision of these
predictions.

Prior research did not examine the condensation heat transfer characteristics of these refrigerants using expanded
micro-fin aluminum tubes. However, Yang and Hrnjak (2018) conducted a study on the flow boiling behavior of R-
410A using expanded micro-fin aluminum tubes. Their findings revealed a 24% reduction in fin height and a 6.3%
increase in outer diameter resulting from the expansion process. This suggests a notable potential difference in heat
transfer performance between expanded and unexpanded tubes. Previous studies, as detailed in Table 1, primarily
focused on flow condensation within unexpanded copper micro-fin tubes. Consequently, existing data may not
accurately reflect heat transfer in expanded tubes, which could lead to inaccuracies in heat exchanger design.
Furthermore, current models for condensation heat transfer are largely based on data from unexpanded copper tubes
with spiral helix angles greater than 0° (ranging from 7° to 30°, as shown in Table 1). Therefore, it is crucial to assess
the accuracy of these models using new data obtained for expanded tubes. Additionally, it is important to note that the
flow condensation heat transfer behavior of aluminum tubes may differ from that of copper tubes due to differences
in thermal conductivity. Copper tubes have approximately twice the thermal conductivity of aluminum tubes, resulting
in distinct flow condensation profiles. Given the predominant focus on copper tubes in existing studies, there is a clear
need to expand our understanding by investigating the condensation performance of these refrigerants in expanded
micro-fin aluminum tubes. This is essential for improving the accuracy of heat exchanger design and evaluating the
suitability of existing models.

Consequently, this study aims to address these gaps through experimental investigation. Six low GWP refrigerants—
namely, R-32, R-454B, R-454C, R-455A, R 1234yf, and R-1234ze(E)—have been chosen for scrutiny. The research
explores condensation heat transfer and frictional pressure drop of these refrigerants utilizing an axial micro-fin
expanded aluminum tube with a fin tip diameter of 5.96 mm. Experimental parameters encompass condensation
saturation temperatures ranging from 40 °C to 50 °C, reduced pressures ranging from 0.21 to 0.55, and mass fluxes
ranging from 150 kg/(m? s) to 350 kg/(m2 s).

2. EXPERIMENTAL SETUP

2.1 Description of the Tested Systems

The experimental setup, depicted in Figure 1 , encompasses three primary loops: refrigerant, cooling water, and chiller
water. To initiate the process, the refrigerant undergoes heating within a tube-in-tube heat exchanger, transitioning
into superheated vapor. The outer tube of this exchanger facilitates refrigerant flow, while the inner tube
accommodates electrical heaters with a total capacity of 10.2 kW. Maintaining a consistent inlet refrigerant pressure
at the test section is ensured through a piston-cylinder accumulator charged with nitrogen, allowing for volume
adjustments by injecting or releasing nitrogen. Visual inspection of the refrigerant's states—vapor at the inlet and
liquid at the exit—is facilitated by two sight glasses, positioned at each end of the test section. Cooling water, crucial
for the condensation test section, is supplied via a plate heat exchanger and a chiller, ensuring a constant flow rate and
supply temperature throughout all subsequent tests. Post test section, the refrigerant undergoes further subcooling
through a tube-in-tube post cooler, utilizing the same chiller's cooling source. Finally, the subcooled refrigerant
completes its loop by passing through the refrigerant pump and a Coriolis flow meter. The inner diameter at the fin
tip for the tested micro-finned tube is 5.96 mm, with an outer diameter of 7.59 mm. There are 54 fins, each one is 0.25
mm high and 0.21 width. Both the helix and apex angles are 0c. Its equivalent diameter and hydraulic diameter are
6.17 mm and 2.53 mm, respectively. The relative roughness is calculated as 0.006864 by using the equation proposed
by Cavallini et al. (1999). Table 2 presents the experimental uncertainties associated with both sensors and measured
parameters.
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'Fi'glrlre 1: Schematic diagram of éxperimental setup and test section

Table 2: Measurement uncertainties (Hu et al., 2024)

Variable Uncertainty
Refrigerant flow rate, My f(kg/hr) 34
Water flow rate (gpm) 0.022
Refrigerant pressure, P,.r(kPa) 7.72
Refrigerant pressure differential, 4P,., (kPa) 0.017
Refrigerant surface temperature, 7, (°C) 0.5
Calibrated RTD temperature sensor (°C) 0.07
Water pressure, P, (kPa) 7.55
Mass flux, G (kg/m?s) 314
Heat transfer coefficient, HTC (kW/m?-K) 0.145-0.435
Quality, x (-) 2.2%-14.6%
Two-phase frictional pressure drop, 4P, (kPa) 0.049-0.165
Frictional pressure gradient, dp/dz (kPa/m) 0.317-1.424

2.2 Test Conditions and Matrix

Table 3 delineates the test conditions applied to the six refrigerants. It is pertinent to highlight that testing at mass flux
values of 300 kg/(m?-s) and 350 kg/(m?-s) at a condensation temperature of 40 °C was omitted for R-32, R-454B, R-
454C, and R455A due to incomplete condensation, which was verified through visual inspection using the exit sight
glass. Furthermore, for refrigerant mixtures R-454B, R-454C, and R-455A, characterized by temperature glide, the
condensation saturation temperature is determined as the mean value between the dew and bubble temperatures. This
methodology ensures experimental consistency by maintaining uniform condensation temperatures across all
refrigerants. The refrigerant superheat at the inlet of the test section is regulated within a range of 10°C to 20°C to
ensure that the incoming refrigerant is in a vapor state. Before data collection begins, a visual check of the sight glass

at the inlet of the test section is conducted to verify the superheated condition.

Table 3: Test matrix

Teona (°C) Mass flux, G (kg/(m?-s))
40 150, 250, 300%, 350"

45 150, 250, 300, 350

50 150, 250, 300, 350

* Not tested for R-32, R-454B, R-454C, and R455A

2.3 Data reduction

The specific enthalpy of the refrigerant at the inlet of the test section can be determined through the following method:

20" International Refrigeration and Air Conditioning Conference at Purdue, July 15 - 18, 2024



2271, Page S

href,i = f(Pref,iv Tref,i) (1

where P, represents the absolute pressure of the refrigerant at the inlet, and T,.¢; denotes the temperature of the
refrigerant at the inlet. Through a comprehensive energy balance assessment on both the water and refrigerant sides,
it becomes viable to determine the specific enthalpy of the refrigerant at the outlet of each segment within the test
section. This enthalpy value also serves as the inlet enthalpy for the subsequent segment. As a result, the specific
enthalpy of the refrigerant at the inlet of each segment can be derived utilizing the provided equation:

mw(hw,j - hw,j+1)

mref

2

href,i,j = href,i,j—l -

Where the variable j ranges from 2 to 7, with j=7 representing the exit of segment 6. 711,, denotes the mass flow rate
of cooling water, while hy, j and hy j+1 represent the specific enthalpy of the cooling water at each respective location.
The refrigerant pressure at the inlet of each segment within the test section is determined through linear interpolation,
utilizing the inlet absolute pressure and the pressure drop, according to the following method:

L:
— AP 3)

Prefij= Prefi=p——

where L; represents the position of the segment, Ly, 1s the total length of the test section, AP signifies the total pressure
drop across the test section, and j varies from 1 to 7. The specific enthalpy and absolute pressure within each test
segment are calculated as the average values of the inlet and outlet properties.

href,i,j + href,i,j+1
href,j = 2 (4)

Pref,i,j + Pref,i,j+1
Pref,j = 2 (5)

where j ranges from 1 to 6. The quality and temperature of the refrigerant in each segment can subsequently be
determined based on these two properties by Egs. 2 and 3. The total heat transfer in each segment is computed based
on the water side:

Qcond,j = My (hw,j+1 — hw,j+2) (6)

where j ranges from 1 to 6. The refrigerant inner surface temperature can be determined from the outer surface
temperature using the heat conduction equation:
m(52)

21 Lgegj- Atube

Tref,s, ij = Tref,s, 0,j + Qcond,j ' (7)

The determination of the refrigerant's inner and outer surface temperatures, represented respectively as Tref s, ;,j and
Tref,s, 0, is governed by the heat conduction equation. D, and D, are outer and equivalent diameters, Ly, ; denoting
the length of each segment, and Ay, indicating the thermal conductivity of the aluminum tube. The heat transfer
coefficient (HTC) in each segment can be determined using the following equation:

Qcond,j

T De- Lseg,j(Tsat,j - Tref,s, i,j)

HTCj = (®)
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where T, represents the temperature calculated based on the two properties determined by Eqgs. 2 and 3. To enhance
our comprehension of the heat transfer degradation of these mixtures, we formulated the following equation:

DF = (Z;-i:l YiHTCjexp — HT Cpi, exp)/27=1 YiHTCjexp ©)

where DF denotes the degradation factor, y; represents the molar fraction of the individual component in the mixture,
HTC j o, signifies the experimental HTC of the individual component, and HTC i ex, indicates the experimental HTC
of the refrigerant mixture. Thus, our objective is to compare the experimental HTCs of the mixtures with the linear
correlation of the individual HTCs. As we did not measure the HTC for CO, in this study, we have disregarded its
impact. This is justifiable because the amount of CO2 in R-455A is only 3%, making its influence minimal in the
molar calculation.

The total pressure drop (AP) across the test section is experimentally measured. As depicted in Eq.10. it
encompasses several components: (1) sudden contraction and expansion losses (AP,;;,) at the inlet and exit of the test
section, (2) single-phase frictional loss (APg;,) occurring in both superheated vapor and subcooled liquid sections,
(3) two-phase frictional drop (AP4iy,), and (4) pressure change resulting from fluid deceleration (APgec)

APiotar = APfri, spT APfri, tpt+ APipin — AP gec (10)

To compute the pressure loss in each phase of the refrigerant fluid, it is crucial to determine the cutoff points of
saturated vapor (x =1) and saturation liquid (x=0). Since the quality of the refrigerant has been determined at the inlet
of each segment and at the exit of the last segment, we utilize a second-order polynomial method to identify these cut-
points. To ascertain the pressure drop in the single-phase regions, we employed the established method proposed by
Churchill (1977), as detailed in Table 4. Since the relative roughness () is utilized, the diameter employed in the
calculation of the frictional pressure drop is the equivalent diameter rather than the hydraulic diameter.

Table 4: Sing-phase pressure drop calculation method (Churchill, 1977)

Pressure drop Equations
Lop U gp
APfri,sp =fsp 'd_'T'psp
e

_ 8 \* —15\!? G-D,
APfri, sp = APfri, ¢t APfri,L fsp =8- <_Resp> + (Bsp,l + Bsp,Z) ; Resp = ‘u—
sp
_1\\ 16
7 \%° ! 37530116
Osp1 =1\ 2.457 - In (Resp> +0.27-¢ Osp2 = (m)
2 2

ef,i

U
APgc = Ksc TT “Pref,i; APsg = Ksg - T *Prefo

) L )]

G G
APdec=G'(UG_UL) Ug= —iUL,= —;

APpin = APgc + AP

3. RESULTS AND DISCUSSION

Figure 2 presents an example of HTC as a function of mass flux at different qualities at the condensation temperature
of 45 °C. In real-world scenarios concerning heat exchanger design, thermal engineers commonly employ the HTC
within a defined mass flux range, typically with vapor quality spanning from 0.3 to 0.8, especially in situations where
annular flow predominates. Therefore, the data with the quality above 0.5 for R-32, R-454B, R-454C, and R-455A
and with the quality above 0.3 for R-1234yf and R-1234ze(E) are selected for further analysis.
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Figure 2: HTC vs. G at condensation temperature of 45°C
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Figure 3: HTC vs. G at higher vapor qualities (0.3-0.9)
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Based on the regressed equations, the degradation factor was analyzed for three refrigerant mixtures across different
mass flux levels. It was observed that heat transfer degradation tends to escalate with higher-glide blends.
Consequently, the blend with the highest glide (R-455A) displayed a more pronounced degradation, ranging from
25% to 30%, while the blend with the lowest glide (R-454B) demonstrated a degradation between 11% and 14%. This
underscores the correlation between glide and heat transfer degradation.

35%
30% -
25% -
e 20% o
)
15% 1 &\e\e\e
10% +
5%
—5—R-454B —o—R-454C R-455A
0% T T T T
100 150 200 250 300 350 400
G (kg/m?s)

Figure 4: Degradation factor of HTC for three refrigerant mixtures

Figure 5 illustrates the pressure drop patterns associated with mass flux for each refrigerant at a condensation
temperature of 45°C and HTC comparisons among these refrigerants using equivalent saturation temperature drop
method. To facilitate a relevant comparison across the different refrigerants, maintaining a consistent saturation
temperature drop is crucial. In this study, the average of dew and bubble temperatures is utilized as the condensation
saturation temperature for refrigerant mixtures. To use an equivalent drop of the saturation temperature for HTC
comparisons among these refrigerants, extrapolating frictional pressure gradient is required for R-1234yf and R-
1234ze (E).

R-32: dAp/dz=0.0157G- 2.207 8-R-32 O R-454B 0 R-454C —A— R-455A R-1234yf  —%— R-1234z¢(E)

R-454B:  dp/d;=0.0155G - 2.308
64 RASIC:  dpiz=0.0143G-1.817 < v -——_WD W  : e P/
RA455A:  dp/dz=0.0149G- 21715 ¢ [ 72 9
R1234yT ) % 1 ¢ 1.413 ]
. | R1234ze®) apraz=0.0244G-2.3624 = !
: R 5 X 3
Extrapolation at G = 150 Kg/ne’s I P ettt bbb b T e LD LRt B
P !
= A
g4 % H
& Equivalent Delta T 4 o
i Y I : '
£ § E -4
a3 7 S e
S i i | Z 1
: i ! H @ — — i
| i f i H i v
H : L |
= = |
@1 H | Equivalent Delta P -1
i ; v
1 .
o
B-R32 O-R454B  —6—R45SIC  —A—R455A +-RI1234yf  —%—R12342¢(E) '
N [
100 150 200 250 300 350 400 350 400
G (kg/m’s) G (kg/m3s)

Figure 5: FPG vs. G at condensation temperature of 45 °C and HTC using equivalent saturation temperature drop

When considering an equivalent condensation saturation temperature drop, it becomes apparent that higher-pressure
refrigerants can accommodate greater absolute drops in pressure. Consequently, R-32 can be engineered with a mass
flux close to 350 kg/(m2-s), while lower-pressure fluids such as R-1234yf and R-1234ze(E) should ideally utilize a
mass flux around 150 kg/(m2-s). This observation implies that the latter refrigerants may necessitate larger heat
exchangers with more circuits compared to high-pressure refrigerants like R-32 or others such as R-454B, R-454C,
and R-455A. This consideration underscores the importance of designing heat exchangers that can accommodate the
specific characteristics and requirements of different refrigerants, promoting inclusivity in design considerations
across various refrigerant types.
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4. CONCLUSIONS

Experiments on condensation were conducted for R-32, R-454B, R-454C, R-455A, R-1234yf, and R-1234ze(E) using
an expanded axial micro-fin aluminum tube. The following conclusions can be drawn:
e Heat transfer degradation varies with refrigerant glide, with high-glide blends experiencing up to 30%
degradation due to internal mass transfer resistance and property non-linearity.
e Simultaneous analysis of pressure drops and HTC aids in comparing refrigerants for heat exchanger sizing,
providing valuable insights for HVAC engineers.
e  The study highlights the need for improved models to address heat transfer degradation in zeotropic mixtures,
especially for new low GWP refrigerants, along with further research on different heat exchanger geometries
and system components.

NOMENCLATURE
FPG frictional pressure gradient D diameter T temperature
HTC heat transfer coefficient A difference P pressure
DF degradation factor G mass flux U velocity
GWP global warming potential h specific enthalpy X quality
s helix angle Q heat transfer rate y mole composition
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