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A B S T R A C T

This paper presents the results of an experimental study on pressure drop during conden-

sation of refrigerant blends R404A and R410A at near-critical pressures inside tubes of

0.76 ≤ D ≤ 9.4 mm. Local frictional pressure gradients were measured at reduced pressures

(Pr) of 0.8 and 0.9 for the mass flux range 200 ≤ G ≤ 800 kg m−2 s−1, in small quality incre-

ments. The data were compared with adiabatic and diabatic two-phase pressure drop

correlations from the literature. These correlations were not able to adequately predict the

pressure drop over the range of tube sizes and mass fluxes under consideration here at high

reduced pressures. A new correlation for pressure drop is introduced, which accounts for

property variations and microchannel effects.The correlation predicts 85% of the data within

±25%, with an average deviation between model predictions and data of ±14%.
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1. Introduction

The HVAC&R industry has updated air-conditioning and refrig-
eration systems to utilize HFCs (hydrofluorocarbons) in response
to environmental concerns and the pertinent legislation. In high-
temperature lift vapor compression applications, HFC blends
R404A and R410A have replaced the previously used working
fluids. R404A is a near-azeotropic mixture of R125, R143a and
R134a (44/52/4% by mass) with properties similar to CFC R502,
whereas R410A is an azeotropic mixture of equal proportions
by mass of R32 and R125 with properties similar to those of HCFC
R22.The critical temperature and pressure of R404A are 72.05 °C
and 3729 kPa, respectively, while the corresponding values for
R410A are 71.36 °C and 4903 kPa, respectively. In comparison,
the critical temperature and pressure for R22 are 96.15 °C and
4990 kPa, respectively.Thus, at the high heat rejection tempera-

tures in high-temperature-lift space-conditioning and water
heating systems, the operating pressures of these blends ap-
proach, and even exceed, the critical pressure.Thus, despite the
design and adoption of equipment using these replacement fluids
by various equipment manufacturers, an understanding of the
underlying two-phase flow phenomena and their impact on pres-
sure drop and heat transfer has lagged.

For condenser design, it is necessary to accurately model pres-
sure drop. In horizontal channels, the two-phase condensation
pressure drop is strongly coupled to the local flow regime and
the fluid properties. At near critical pressures (0.8 ≤ Pr ≤ 1), the
vapor dome narrows and the difference between the saturated
liquid and vapor properties decreases, with the ratio between
the two approaching unity at the critical point. Pressure drop
during condensation of refrigerants in this operating range is
not well understood, particularly in small diameter channels.
Thus, this study measures the local pressure drop for R404A and
R410A condensing in horizontal channels with 0.76 ≤ D ≤ 9.4 mm
in small quality increments in the mass flux range
200 ≤ G ≤ 800 kg m−2 s−1.Then, the results are compared with the
limited correlations in the literature and the degree of agree-
ment is evaluated. Finally, a new model for prediction of
condensation pressure drop of high-pressure refrigerants is in-
troduced and validated for the experimental conditions of interest.

2. Prior work

The pressure drop during condensation arises from shear stresses
imposed by the surrounding tube wall, the interaction of the two
phases, and a deceleration component due to the change in
density during condensation. As the low-density vapor con-
denses to a higher-density liquid, the overall flow velocity
decreases, resulting in an increase in static pressure. The de-
celeration pressure change acts opposite to the frictional pressure
drop, reducing the overall measured pressure drop.

One of the most common methods of modeling pressure
drop is through the two-phase multiplier approach, where the
two-phase pressure drop is related to that of a single phase
flow. Examples include the Lockhart and Martinelli (1949),
Chisholm (1967) and Friedel (1979) correlations. Lockhart and
Martinelli (1949) developed a widely used correlation for two-
phase pressure drop by relating the Martinelli parameter, X,
to the liquid and gas two-phase multipliers. The Martinelli
parameter is the square root of the ratio of the pressure drop
in the pipe if the liquid phase flowed alone to the pressure drop
if the gas phase flowed alone.Their investigation included data
for adiabatic two-phase flow in horizontal tubes for air, benzene,
kerosene, water and various oils in round tubes ranging from
1.49 to 25.83 mm. The pressure drops were correlated based
on whether the liquid flow and gas flow were laminar or tur-
bulent. Chisholm (1967) developed a correlation (Eq. (1)) for the
two-phase multiplier, which showed good agreement with the
study of Lockhart and Martinelli (1949). The constant C ac-
counts for the pressure drop arising from the coupling between
the liquid and vapor phases and is a function of the flow regime
(i.e., laminar or turbulent) of the liquid and vapor phases.
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Nomenclature

A area (m−2)
B constant in Chisholm (1973) correlation
C phase coupling constant (Chisholm (1967))
D diameter (mm)
Fr Froude number (–)
G mass flux (kg m−2 s−1)
JG dimensionless vapor velocity (Cavallini et al.

(2002))
L length (mm)
Nconf confinement number (–)
P pressure (kPa)
Pr reduced pressure (–)
�Q heat duty (W)

Re Reynolds number (–)
T temperature (°C)
V velocity (m s−1)
x quality
X Martinelli parameter (–)

Greek symbols
α void fraction (–)
Φ two-phase multiplier (–)
ρ density (kg m−3)
Γ dimensionless Chisholm (1973) parameter
µ dynamic viscosity (kg m−1 s−1)
ψH homogeneous flow multiplier (–)
ψS separated flow multiplier (–)

Subscripts
f frictional pressure drop
in test section inlet
L liquid phase
LO liquid-only
out test section outlet
sat saturated
sec secondary coolant heat exchanger
test test section
V vapor phase
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