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Abstract: Liquid often exists in the accumulator of the rotary compressor during the process of startup
or defrost of air-conditioning systems. Too much liquid entering the compressor cylinder would result
in excessive pressure caused by the liquid compression, which is a great threat to the compressor. The
liquid return through the liquid-return hole is the key to ensure the stable operation of the compressor.
In this paper, the liquid-return characteristics in the liquid-return holes of the accumulator, including
the mass-flow rate, liquid velocity and pressure difference between the liquid-return holes, during the
startup process of the R290 rotary compressor are numerically investigated. The numerical simulation
using the fluent volume of fluid (VOF) method was experimentally validated with the error of 1.55%.
The comparison of liquid-return characteristics using different refrigerants is conducted. Effects
of refrigerant solubility in the oil, refrigerant/oil-mixture type, liquid-return-hole diameter and
compressor frequency on the liquid-return characteristics and liquid shape trough the liquid-return
hole are discussed. The results show that the surface tension and viscosity of the liquid are the main
factors affecting the liquid-return speed. The liquid-return rate of the refrigerant R290 is slower
than that of other refrigerants R22 and R410A. The liquid-return rate increases with the increase in
the compressor frequency. We conclude that for air-conditioning systems using R290 as refrigerant,
increasing the number of return holes or the hole diameter is necessary to improve the liquid-return
characteristics of the compressor. This research will provide theoretical guidance for the optimization
of liquid return of rotary compressors using new refrigerants.

Keywords: rotary compressor; liquid return; accumulator; R290

1. Introduction

Rotary compressors are widely used in variety of home appliances such as air-
conditioning systems, heat-pump water heaters, clothes dryers, dehumidifiers and other
refrigeration fields. The accumulator, also named the liquid-gas separator, located before
the compressor shell, is an important component of a rotary compressor. The primary
function of the accumulator is to control excess liquid of refrigerant or oil, preventing liquid
compression in the compressor cylinder. It also has the functions of filtering contaminants
and acting as an acoustic suction muffler [1,2]. Therefore, the accumulator plays an impor-
tant role in the performance and reliability of the rotary compressor and its air-conditioning
system [3].

Under some circumstances, vapor-liquid two-phase fluid in the compressor accu-
mulator is inevitable. For example, during the startup or defrosting process of the air-
conditioning system, a large amount of refrigerant/oil liquid flows into the compressor
accumulator from the evaporator [4]. Except for a small amount of refrigerant evaporation,
most liquid in the accumulator flows into the compressor cylinder via the liquid-return
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hole in the accumulator. The excessive liquid in the accumulator would not only reduce
the performance of the air-conditioning due to a lack of refrigerant in the system [5], but
also may damage the compressor because of the excessive pressure caused by the liquid
compressor [6,7].

In order to improve the liquid-return capacity of the compressor, much work has been
carried out on the optimization of the accumulator structure. Feng [8] proposed a novel
regeneration accumulator, which effectively enhances the liquid refrigerant’s evaporating
speed in accumulator and recovers the lost cooling energy in the accumulator. Kang [9]
used the accumulator heat exchanger, consisting of an accumulator and an inner heat
exchanger, before the compressor in an air conditioner to obtain high system reliability
and performance by providing liquid refrigerant to the expansion valve and preventing
liquid slugging in the compressor. Because the excess liquid storage of the accumulator
is limited, Yun [3] changed the structure of the accumulator to increase the accumulator’s
liquid storage and the system’s refrigerant charge mass, so as to ensure the reliability of the
rotary compressor. To improve the liquid separation capacity and optimize the accumulator
structure, some studies have been carried out by establishing a two-phase steady-state 1D
model of the accumulator in the vehicle’s air-conditioning. The relationship between the
height of the liquid-return hole, the liquid level and suction-gas fraction are obtained by
solving the governing equations [10,11]. This method does not consider the quality of the
liquid entering the suction pipe and the phase change of the refrigerant in the accumulator,
resulting in a relatively large error. Through CFD simulation, Hrnjak [12] studied the
flow characteristics of the two-phase refrigerant/oil mixture in the accumulator of a CO,
heat-pump system using scroll compressors and analyzed the impact of the oil-bleed-hole
size on the liquid level and local pressure drop. The volume of fluid model was used
to track the liquid—vapor interface. For the new refrigerant used in the air-conditioning
system, the original accumulator structure may cause some problems, because of the special
physical properties of the oil and refrigerant. Zheng [13] experimentally founded that for
the R32 refrigeration system, within a certain range, the increase in the diameter of the
liquid-return hole can significantly increase the cooling capacity and EER. This actually
reduces the suction-gas fraction and discharge temperature, thereby improving efficiency.

Except for the evaporation of some liquid refrigerant, most flows out of the accumu-
lator through the liquid-return hole. A big liquid-return hole may result in much liquid
entering the compressor cylinder, increasing the risk of compressor damage due to liquid
compression [14]. On the other hand, a small liquid-return hole may lead to a lot of refrig-
erant and oil collected in the accumulator during the startup of the air-conditioning system,
which not only prolongs the startup time of the refrigeration system and decreases the
suction pressure [15], but also reduces the oil in the compressor and exacerbates the wear.

Opverall, much research has been conducted on the improvement of the liquid return of
the rotary compressor by experimental or simple simulation methods. However, the liquid-
return characteristics, such as the vapor-liquid two-phase flow pattern, local pressure
drop and the effect factors inside the accumulator of the rotary compressor are rare in
the open literature. Moreover, there are inadequate data for the design of the compressor
using an alternative refrigerant in the air-conditioning system, such as R290. In this
paper, the liquid-return characteristics in the accumulator during the startup of the rotary
compressor are numerically simulated using the fluent volume of fluid (VOF) method. The
simulation results are experimentally validated by using the refrigerant R290. The influence
of refrigerant solubility in the oil, refrigerant/oil types, liquid-return-hole diameter and
compressor frequency on the liquid-return rate and liquid-return-hole droplet shape are
discussed. The research will provide theoretical guidance for the design of the rotary
compressor using an alternative refrigerant to improve the low liquid-return rate and
suction pressure of the air-conditioning system.
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2. Modeling
Figure 1 shows the schematic diagram of a two-cylinder rotary compressor. It mainly

consists of an accumulator, a shell, a motor, a crankshaft, two bearings, two cylinders and
some other components. Refrigerant of low temperature and pressure is sucked into the
cylinders through the accumulator. Then, the refrigerant vapor is compressed to a high
temperature and high pressure is discharged from the cylinder into the shell through the
muffler. After cooling the motor, refrigerant flows out of the shell and into the system
through the outlet pipe.
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Figure 1. Schematic diagram of the rotary compressor.

To reduce the suction noise and prevent excess liquid refrigerant or oil from going
directly into the cylinder during the startup or other operating conditions of the compressor,
an accumulator is installed before the shell. The structure and liquid-return capacity of
the accumulator have great influence on the performance and reliability of the rotary
compressor. Therefore, investigation on the liquid-return characteristics in the accumulator
during the startup is conducted in this paper.

2.1. Physical Model and Meshing

Figure 2 shows the geometry model of the accumulator, which is mainly composed of
six parts: an inlet pipe, an accumulator shell, liquid-return holes, suction pipes, a screen
holder and a tube holder. We extract the fluid domain from the solid domain to calculate
the flow characteristics of the oil and refrigerant mixtures.

ANSYS ICEM is used to discrete and mesh the computational domain. The computa-
tional grid is shown in Figure 3. To simplify the calculation and make the computation grid
more structured, some unimportant chamfers and grooves in the accumulator are ignored.
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The grids of irregular parts in the accumulator, such as the upper shell and holders, are
unstructured. Grids of other parts, such as the inlet pipe, liquid-return holes and suction
pipes and the middle and lower shell are structured. To reduce the number of grids and
improve the calculation accuracy, the accumulator is divided into nine blocks.

D

inlet pipe

Inlet pipe

[
Screen holder — D,
Tube holder — [ H..cu
Shell — Liquid return holes
:Jrn_hole
Suction pipes
Dsuc . pipe

Figure 2. Geometry model of the accumulator.

Structured grids «—!

Figure 3. Computational grid.

The grid-independence verification to calculate the mass-flow rate in the liquid-return
hole is shown in Figure 4. The number of 680k elements is considered a good choice to
balance computational accuracy and computation cost. The size of the suction pipes and the
lower part of the accumulator is set as 1 mm. The size of the liquid-return holes is 0.5 mm
and the rest are 2 mm. After local adjustment, the minimum quality of the structured grid
is 0.508 in the liquid-return hole and the minimum quality of unstructured grids is above
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0.358. This structured mesh and high mesh quality can ensure the calculation accuracy at
the interface.
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Figure 4. Grid-independence verification.

The structural parameters of the accumulator used in the simulation are shown in
Table 1.

Table 1. Structural parameters of the accumulator.

Parameter

Daccu/mm

D sucfpipe/ mm DOil_return_hole/ mm Dinlet_pipe/ mm Hoil_return_hole/ mm  Hjceu/mm

Values

73

12.4 1.5 11.6 22.8 160

2.2. Boundary Conditions and Initial Conditions
2.2.1. Inlet of the Accumulator

The inlet pipe of the accumulator is connected to the outlet of the evaporator. Com-
pared with the great pressure variation in the compressor cylinder, the transient pressure at
the evaporator outlet can be considered constant. Therefore, the boundary condition at the
accumulator inlet is set as a constant-pressure condition, which can be obtained from the
experimental data.

2.2.2. Outlet of the Accumulator

The suction pipes are connected to the cylinder of the compressor (see Figure 1). The
volume of the compression chamber in the cylinder changes with the rotation of crankshaft,
which causes the continuous change of the volume flow rate of refrigerant in the suction
pipe. Compared with the great pressure change in the suction pipes, pressure in the
accumulator changes little, so the refrigerant density in the accumulator can be considered
constant. Therefore, the boundary condition at the accumulator outlet is set as a variable-
velocity condition. The outlet velocity is calculated from the cylinder-volume-change rate,
volume efficiency and the suction-pipe-outlet area:

av/dt
As

Us = 1y (1)
where u; is the outlet velocity of refrigerant in the suction pipe; 77, is the volume efficiency of
the compressor; dV /dt is the cylinder-volume-change rate; A; is the area of the suction-pipe
outlet.
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The volume-change rate of the compression chamber in the cylinder can be expressed
as [16]:

%’ = w32~ )~ (1-¢)cost — secos(26)]RMee @
where w is the angular velocity of the crankshaft; ¢ is the crankshaft eccentricity; 6 is
the crank angle of the crankshaft; R. and k. are the radius and height of the cylinder,
respectively.

The interpreted UDF is used to implement variable-outlet-velocity condition in the

paper.

2.2.3. Initial Conditions

Initially, the lower part of the accumulator is filled with the mixed liquid of refrigerant
and oil. The upper part is filled with refrigerant gas. The liquid level is given according to
the experiment data, which corresponds to the calculation. Due to the small influence of
the liquid level to the mass-flow rate in the liquid-return hole, the initial liquid level is set
as 7 mm higher than the liquid-return hole. The explanation will be introduced in Section 3.

2.3. Thermal-Physical Properties of Refrigerant and Oil
2.3.1. Density and Viscosity

As a large amount of liquid refrigerant flows into the accumulator from the evaporator
during startup of the compressor, the vapor or liquid refrigerant is saturated. The density
and viscosity of the refrigerant vapor in the accumulator are obtained by calling the software
of NIST REFPROP 9.0 [17] based on saturated refrigerant pressure.

The liquid in the accumulator is a mixture of liquid refrigerant and oil. Both density
and viscosity of the mixture are given by

Ymix = SYref + (1 - S)yoil 3)

where y is the density or viscosity; s is the solubility of refrigerant in the oil. The density and
viscosity of liquid refrigerant are also obtained by calling the software of NIST REFPROP
9.0, and density and viscosity of oil are calculated according to the data given by the
manufacturer [18].

2.3.2. Surface Tension

The surface tension between gas and liquid has a great influence on the shape, size
and speed of droplets in the accumulator, which is empirically calculated by temperature,
pressure, refrigerant solubility and the surface tension of pure oil and refrigerant in the
previous literature. In this paper, the surface tension of oil o, is calculated by a linear
relation between surface tension and temperature, shown as below [19].

Oy =a—bT 4)

where ¢ is the surface tension, a and b are constant, as determined by experimental data.
The surface tension of the refrigerant and oil mixture is [20]:

Omix = Oref + (Joil - Uref)\@ )

where s is the solubility of refrigerant in the oil. The subscripts “mix” and “o0il” represent
mixture and oil, respectively. The surface tension of refrigerant is obtained by calling the
software of NIST REFPROP.

2.4. Fundamentals of CFD Method

In order to accurately predict the gas-liquid interface, the volume of fluid (VOEF)
models are employed to analyze the liquid-return characteristics in the accumulator. The
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volume fraction of fluid component &, can be solved by the conservation equation of
volume fraction:

0 _ LA .
57 (#aPq) + V- (a4pq0) = Suq + ) (ritpg — titgp) ©®)
p=1

where 11y, is the mass transfer from phase g to phase p, and 11, is the mass transfer from
phase p to phase g. Sy is the source term. The primary-phase volume fraction is computed
based on the following Equation (7)

Y ay=1 ()

The turbulent flow of fluid in the accumulator is a strong swirling flow due to the
irregular structure and the large flow rate. The Reynolds stress model is adopted to simulate
the strong swirling flow. The conservation equations of mass and momentum are

o; .
o 0 (8)

o o0 _ oy 0P 00U o
Par T PTGy, = PE axl+ax(”a, pu'iu’;) ©)

where %; and #; are velocity components. u';and u/; jare u/; are pulsating velocity compo-
nents, i, j =1, 2, 3. p is hydrodynamic viscosity coefficient.
The k equation and e equation are

d d d oy Ok 1

91 (PR) + 5 (ki) = o[+ J+5(

et )55 (Bt Gi) —pe(1+2Mf) 8 (10)

0 0 0 €
57 (9) + g (oem) = 5 Gt B 2 b cag (it CaGi) s D)

Oe k
where k and ¢ are turbulent kinetic energy and turbulence dissipation rate; yi; is coefficient
of turbulence viscosity; oy is turbulance Prandtl number; Sy is buoyancy source term of
k equation; S, is buoyancy source term of ¢ equation; C¢; and C,3 are coefficients of each
parameter term.

The supplementary equation of this model is the Reynolds stress-transport equation:

R S
o (oWitdj) + o= (U’ j) = Dij + gij + Gij — & (12)
1

where Dij, Pijs Gij, gjj are diffusion term, pressure-strain term, generation term and dissipa-
tion term, respectively.

The gas and liquid are immiscible. In order to identify a more obvious phase interface,
the explicit volume-fraction formulation and sharp interface-modeling type is selected.
The contact angle is set by default for the lack of the data of the contact angle between
refrigerant gas, oil and wall in the existing literatures or practical experience. Because
of the transient calculation, the pressure—velocity coupling method of PISO is selected.
Geo-Restruct is selected as the discrete method of volume fraction, which can better identify
the shape of the droplets. The rest are all the default settings of Fluent. The time step
during calculation is adaptively adjusted, which can assure the computational stability
when using the explicit formulation, and the adjustment method is Multiphase-Specific
and the Global Courant Number is 2.
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Air handing unit

3. Experimental Verification

The objective of the experiment is to measure and analyze the changes of the liquid
level and pressure in the accumulator during the startup process of the compressor, so as
to obtain the factors influencing liquid-return characteristics in the accumulator during
startup of the rotary compressor.

A schematic diagram of experimental setup is shown in Figure 5. The whole experi-
ment was conducted in the Psychometric Rooms, which contains an indoor room and an
outdoor room. It can not only provide a constant temperature and pressure environment
for the experiment, but also precisely measure the capacity and power consumption of an
air-conditioning system. The tested air-conditioning system consisted of a rotary compres-
sor, an indoor heat exchanger, an outdoor heat exchanger, an expansion valve and other
accessories, as shown in the figure.

Four-way valve

Indoor heat exchanger

—
S
—

Outdoor heat exchanger

Indoor

Accumulator
. Compressor
Heating

- pIS

Cooling Expansion Valve

® Pressure sensor © Sight glass

(T) Thermalcouple — Transparent tube Outdoor

Figure 5. Schematic diagram of experimental setup.

An air conditioner (KFR-35G/BP3DN7Y-DA401 (B2)) with a two-cylinder rotary com-
pressor produced by Midea was chosen in the test. The displacement of the compressor is
210 cm®. As shown in Figure 5, thermocouples with accuracies of 0.1 °C and pressure sen-
sors with accuracies of £0.5% FS were installed in the system to measure the temperature
and pressure of the air-conditioning system.

The tested rotary compressor is shown in Figure 6. A transparent tube with a length of
15 cm was installed next to the accumulator to measure the liquid level in the accumulator,
and a sight glass was installed on the accumulator shell to observe the liquid state in the
accumulator. Four sight glasses used for other studies were installed on the compressor
shell to observe the liquid state in the compressor. The experiment was conducted to make
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sure that the sensor installation and compressor modification had little influence on the
internal thermodynamic process in the compressor and its performance. The structural
parameters of this accumulator are shown in Table 1.

Accumulator

Transparent tube

Sight glass

Figure 6. Test rotary compressor.

Refrigerant R290 and mineral oil were used in the air-conditioning system. The
system starts at a rated frequency of 60 Hz under the heating condition with the ambient
temperature of —7 °C. Before the system startup, it was placed in Psychometric Rooms for
a long time to ensure that the temperature of all components and refrigerant distribution in
the system were stable. The red colorant was added to the oil for easy observation.

The stable experimental results were obtained after three repetitions of the same
experiment. Figure 7 shows the variations of liquid level in the accumulation during
startup of the compressor. Figure 8 shows the photos of the sight glass on the accumulator
shell. As shown in Figure 7, before the startup, the liquid level is equal to the height of
the liquid-return holes, which can also be observed in Figure 8. After the startup, the
liquid level rises rapidly and exceeds the upper limit of the sight glass because of a lot
of refrigerant liquid entering the accumulator from the evaporator. Additionally, some
bubbles appear on the liquid surface. The liquid level gradually drops after 100 s and
disappears after 260 s. The decline in the liquid level from the peak at 95 s to the height
of the liquid-return hole at 125 s is faster, because of the dual effects of the refrigerant
evaporation and the outflow through the liquid-return hole. After 25 s, the liquid level is
lower than the height of the liquid-return hole. The liquid refrigerant level is only reduced
by evaporation, so the liquid level drops more slowly.

It can also be seen from Figure 7 that the liquid level dropped by 3.5 mm from 100 s
to 110 s, and the liquid volume-flow rate through the liquid-return holes was 1.35 mL-s~1.
There is almost no refrigerant evaporation during this period due to no bubbles on the
liquid surface. Therefore, this process was selected for numerical simulation and the
evaporation of refrigerant is ignored in the calculation.

The experiment and simulation results of the volume-flow rate of the liquid flowing
through the liquid-return holes are shown in the Table 2. It can be found from the table

that the error between the experimental value of liquid volume-flow rate Qexp through
the liquid-return holes and the calculated value chl is 1.55%. This indicates that the

calculation model proposed in this paper can accurately predict the liquid-return process
in the accumulator during the startup of the rotary compressor. The pressure difference
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between the inlet and outlet of the liquid-return hole is 10 times higher than the differential
pressure due to the liquid height difference between the liquid level and the hole, so the
initial liquid level is considered a negligible factor.

50
— Liquid level

Y
o
I

- - -Bubble level

e}
T

o (9%}
S
T

Height of liquid return hole

Height/mm

[a—
=]
|

O | | I I |
-50 -20 10 40 70 100 130 160 190 220 250 280
Time/s

Figure 7. Variations of liquid level in the accumulation during startup.

Figure 8. Photos of the sight glass on the accumulator shell before startup.

Table 2. Experiment and simulation results of liquid volume-flow rate through the liquid-return

holes.
Vini O i . .
AHliqudJevel/mm pmix/kg'm73 /m111;;x.s IN 1:;{1 APy,1./Pa QeXP/mL'571 lelmL-Sfl Errors/%
3.5 567 0.17 0.014 488 1.357 1.378 1.55

4. Results and Discussion
4.1. Effects of Refrigerant Solubility on Liquid-Return Characteristics

Under different operating conditions, the solubility of the refrigerant in the oil is
different, which leads to the different thermal-physical properties of the refrigerant/oil-
mixture liquid such as density, viscosity and surface tension. The difference in liquid
properties has a great influence on the liquid-return characteristics of the compressor.
Therefore, the average mass-flow rate and average velocity of the liquid flowing through
the liquid-return holes in one compression cycle with different refrigerant solubilities are
investigated. Under the same conditions as in Section 3, by varying the solubility of the
refrigerant in the oil from 100% to 20%, liquid-return characteristics in the liquid-return
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holes are simulated. The simulation conditions and results are shown of liquid-return
characteristics in the liquid-return holes with different refrigerant solubility in Table 3.

Table 3. Liquid-return characteristics in the liquid-return holes with different refrigerant solubility.

Solubility/—  pi/kgm—3 Vyuir/mPa-s O iv/N-m—1 Mpirlgs1 TDyir/m-s—1
100% 567 0.17 0.014 0.781 0.390
50% 734 2.9 0.034 0.932 0.359
20% 823 68 0.039 0.445 0.153

It can be seen from the table that the viscosity of the refrigerant/oil mixture v,,;,
increases rapidly from 0.17 mPa-s to 68 mPa-s with the decrease in solubility. The increase
in liquid viscosity leads to the decline in the average mass-flow rate i, and the average
liquid-return velocity T,,;,. It can also be seen from the table that as the viscosity increases
by 20 times from 0.17 mPa-s to 2.9 mPa-s, the liquid-return velocity v,,;, rises by only
about 10%. The viscosity continues to increase 10 times from 2.9 mPa-s to 68 mPa-s; the
liquid-return velocity T,,;, drops by more than 2 times from 0.359 m's~! to 0.153 m-s~!.
This indicates that the liquid mass rate and velocity change little with a high refrigerant
solubility greater than 50%.

In addition to the velocity and mass-flow rate of liquid through the liquid-return hole,
the two-phase flow pattern can also be observed. Figure 9 shows the shape of the liquid
flowing out of the liquid-return holes under different conditions. Due to the difference
in liquid viscosity and surface tension, the liquid shape near the liquid-return hole varies
greatly with the solubility. It can be seen from the figure that with the solubility of 100%
and 50%, backflow bubbles appear near the liquid-return hole. Part of the liquid entering
the liquid-return hole flows into the cylinder along the suction pipe wall, and the other
liquid is blown and dispersed by the refrigerant vapor in the suction pipe. If the refrigerant
solubility is 20%, no backflow bubbles appear near the liquid-return hole, and all liquid
flows into the cylinder along the suction-pipe wall. This is because the surface tension
and viscosity with the low solubility of 20% are greater than other two conditions, and the
liquid has stronger cohesion and is more difficult to disperse by the gas.

Volume fraction (gas ‘
1.0

0.9

0.8

0.7

0.6

0.5

0.4

03

0.2

0.1

0.0

Figure 9. Shape of the liquid flowing out of the liquid-return holes. s = 100% s = 50% s = 20%.

The two-phase flow pattern in the liquid-return hole depends on the velocity vector
diagram. Figure 10 shows the velocity vector diagrams. It can be seen that when the



Energies 2022, 15, 2469 12 of 17

solubility is 100% and 50%, liquid backflow occurs in the accumulator through the liquid-
return hole, so a vortex will be formed in the suction pipe. When the solubility is 20%, the
fluid velocity near the suction-pipe wall is almost 0, which prevents the droplets along the
inner wall of the suction tube from being blown into the inside of the suction pipe.

Wil

Velocity
7.0

6.3
5.6
4.9
4.2
35
2.8

2.1

1.4

0.7
0.0 s A P 4
(m/s) fwm

Figure 10. Velocity vector in the liquid-return hole and the suction pipe. s = 100% s = 50% s = 20%.

4.2. Effects of Refrigerant/Oil Type on Liquid-Return Characteristics

The thermal-physical properties of different refrigerants vary greatly, which would
result in different liquid-return characteristics. Under the same conditions in Section 3,
by using different refrigerants (R290, R22, R410A), the liquid-return characteristics in the
accumulator at the refrigerant solubility of 20% is simulated. The common oils, NM56
for R22 and POE68 for R410A, are used in the simulation. The simulation conditions and
results are shown in the Table 4.

Table 4. Liquid-return characteristics with different refrigerant/oil mixture.

Refrigerant/Oil  p,,;/kg-m—3 pglkg-m—3 Vyir/mPa-s APy,1./Pa Mypirlgs1 Dppix/m-s—1
R22/NM56 996 7.3086 39 1010 0.678 0.193
R410A /POE68 976 10.449 75 1494 0.687 0.199
R290/NM100 823 3.8324 68 706 0.445 0.153

It can be seen from Table 4 that the pressure difference between the inlet and outlet of
the liquid-return hole for the R290/NM100 is 706 Pa, which is almost half of the pressure
difference of R410A /POE68. Under the same suction condition, the lower density of R290
results in less pressure loss inside the accumulator, and then a smaller pressure difference
between the liquid-return hole.

Besides the pressure difference on both sides, the types of refrigerant/oil also have a
great influence on liquid-return velocity. It can also be seen from Table 4 that the liquid-return
velocity 7y, of the R290/NM100 (0.153 m-s~1) is much smaller than that of R22/NM56
(0.193 m-s~1) and R410A /POE68 (0.199 m-s~ 1), because of the higher liquid viscosity v,y
of R290/NM100 mixture (68 mPa-s) and lower pressure difference than other two mixtures.
However, because of the flammability, R290 charging in the air-conditioning is much less than
other two refrigerants. This would lead to the lower R290 solubility in the accumulator than
that of other two refrigerants, and then further increase the difficulty of liquid return in the
accumulator during compressor startup. Therefore, the design of the liquid-return hole in
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the accumulator using R290 as refrigerant should be reconsidered, such as setting multiple
liquid-return holes or increasing the diameter of the liquid-return hole.

4.3. Effects of Liquid-Return-Hole Diameter on Liquid-Return Characteristics

Figure 11 shows the variations of the mass-flow rate and pressure difference in the
liquid-return hole with the crank angle under different diameters’ conditions. Figure 12
shows the variations of the pressure difference between two inlets and outlets of the liquid-
return hole with the crank angle under different diameters’ conditions. It can be seen from
Figure 11 that the mass-flow rate increases with the increase in diameter under the same
crank angle. The maximum mass flow is about 1.15 g-s’1 with the hole diameter Dy, of
2 mm at the crank angle of 120°, while it is only 0.5 g-sf1 with the hole diameter of 1 mm.

L.5

S o
wnm O n =

Mass flow rate/g-s™!

1
[a—

=]

60 120 180 240 300 360
Crank angle/®

Figure 11. Variations of mass-flow rate in the liquid-return hole with the crank angle.
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Figure 12. Variations of pressure difference with the crank angle.

It can also be observed that for the hole diameter of 2 mm, the backflow occurs after
300° of the crank angle, because the outlet pressure of the liquid-return hole is greater than
the inlet pressure (see Figure 12). Although the negative pressure difference appears after
270° for all three cases, the local flow loss of a small diameter is greater than that of the
large diameter, and the flow velocity is also smaller than other two cases under the same
pressure difference. Therefore, the backflow for the diameter 1 mm and 1.5 mm is weak.

The liquid-return-hole diameter also affects the liquid-return velocity. Figure 13 shows
the variations of liquid velocity in the liquid-return hole with the crank angle. From this
figure it can be noted that the liquid velocity in the hole increases with the decrease in
hole diameter. The maximum velocity for the diameter of 1 mm is 1.12 m-s—1 while the
maximum velocity for the diameter of 2 mm is merely 0.64 m-s~!. This is because the
pressure difference for the diameter of 1 mm or 1.5 mm is much larger than that of 2 mm
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(see Figure 12). The maximum pressure difference for a hole diameter of 1 mm is 675 Pa,
while for the diameter of 2 mm, the maximum pressure difference is only 181 Pa.
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Figure 13. Variations of liquid velocity in the liquid-return hole with the crank angle.

Under the conditions of different diameters, the liquid shape in the liquid-return hole
and suction pipe at the crank angle of 180° is shown in Figure 14. It can be found that
for the hole diameter of 1 mm and 1.5 mm, most of the liquid flowing through the hole is
dispersed by the refrigerant vapor, instead of flowing down along the suction-pipe wall.
However, for the diameter of 2 mm, it can be seen that most of the liquid flows down along
the suction-pipe wall, and the backflow is also observed near the hole.
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Figure 14. Liquid shape under the conditions of different liquid-return-hole diameters. Dy, = 1 mm
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4.4. Effects of Compressor Frequency on Liquid-Return Characteristics

Based on the conditions in Section 3, the mass-flow rate in the liquid-return hole in
one cycle with the crank angle for different compressor frequencies is shown in Figure 15.
It can be noted that there is almost no liquid flowing out of the hole at the angle of initial
and final 60°. After the angle of 60°, the mass-flow rate increases with the increase in angle.
After peaking at the angle of about 120°, it gradually declines. The liquid mass-flow rate is
positively correlated with the compressor frequency. The backflow of the liquid, namely
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negative values, near the hole occurs after the crank angle of 270° for the frequency greater
than 60 Hz.
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Figure 15. Variations of mass—flow rate with the crank angle for different frequencies.

The change of the frequency also affects the pressure fluctuation at the inlet and outlet
of the accumulator. Figure 16a shows the pressure fluctuation at the inlet of the accumulator,
and Figure 16b shows the pressure fluctuation at the outlet of the accumulator. It can be
noted from the two figures that the pressure fluctuation increases with the increase in
the frequency. The amplitude of pressure fluctuation at the inlet of the accumulator is
smaller than that of the outlet. The maximum fluctuation value of the inlet is 3400 Pa at the
frequency of 120 Hz, while it is 18,000 Pa for that of the outlet. This is because the inlet of
the accumulator is farther away from the seismic source (cylinder). In addition, the inlet
pressure fluctuation has only a trough at 180°, while the outlet pressure fluctuation has a
trough at 90° and a peak at 300°, because the frequency of the outlet pressure fluctuation is

higher than that of the inlet.
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Figure 16. Pressure fluctuation of the accumulator. (a) inlet of the accumulator. (b) outlet of the

accumulator.

5. Conclusions
In this paper, the numerical simulation of the liquid-return process of the accumulator
during the startup of the rotary compressor is carried out. The simulation result with an
error as low as 1.55% is experimentally verified. Effects of refrigerant solubility, refriger-
ant/oil types, liquid-return-hole diameter and compressor frequency on the liquid-return
characteristics are conducted. Methods to improve the liquid-return characteristics of R290
rotary compressors are proposed. The following conclusions may be drawn:
1.  During startup of the rotary compressor, the velocity and mass of the liquid flowing
out of the accumulator through the liquid-return holes decrease with the decrease in
refrigerant solubility in the oil. The liquid-return process is significantly slower with
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the increase in surface tension and viscosity of the refrigerant/oil mixture, especially
when the refrigeration solubility is less than 50%. Backflow bubbles appear near
the liquid-return hole with refrigerant solubilities of 100% and 50%, while backflow
bubbles appear with a low refrigerant solubility of 20%.

Under the same startup conditions, the liquid-return velocity and mass of the
R290/NM100 mixture through the liquid-return holes in the accumulator are much
smaller than those of the other two refrigerant/oil mixtures, R22/NM56 and
R410A /POE68, because of the low density and high mixture viscosity for R290. There-
fore, for the air-conditioning system using R290/NM100, the accumulator structure
should be modified to allow more liquid to return to the compressor faster.

The total mass of the liquid flowing through the liquid-return hole increases with the
increase in the hole diameter, but the velocity decreases instead. The mass-flow rate
and velocity increase to a peak at the crank angle of 120° and then decrease gradually.
With the decrease in the hole diameter, the pressure difference between the two sides
of the liquid-return hole increases, and reaches a maximum value of 675 Pa at 1 mm.
Almost no liquid returns to the compressor at the angle of initial and final 60°, while
it peaks at the angle of about 120°. With the increase in the compressor frequency, the
liquid returning to the cylinder through the liquid-return holes linearly increases, but
the amplitude and frequency of the pressure fluctuation at the inlet and outlet of the
accumulator increase. The maximum pressure fluctuation at the outlet is 18,000 Pa
with the frequency of 120 Hz.
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m Refrigerant/oil mixture
ref Refrigerant
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