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Abstract: Unsmooth reversing is one of the most common faults in the four-way reversing valve of air
conditioning system, and the airflow in the valve chamber and the shape of the slider of the reversing valve
are the main factors in unsmooth reversing. In order to study the influence of the airflow in the chamber and
the slider shape on the reversing process, the fluid flow in the valve chamber of a four-way reversing valve is
obtained using computational fluid dynamics (CFD) simulations, and the influence of slider structure on slider
thrust and resistance of the four-way reversing valve is analyzed. Four-way reversing valves with no-cutting,
straight-cutting and arc-cutting sliders are employed to evaluate the reversing characteristics. A pressure
measuring device for a four-way reversing valve chamber is designed, which is performed to test the chamber
pressure of three different types of sliders of four-way reversing valves. The maximum error of experimental
tests and simulations is within 5% of engineering tolerance, so as to verify the reliability of numerical
simulation. The results indicate that the chamber pressure and resistance-thrust ratio with the cutting slider
are reduced, which is beneficial to the reversing of the four-way reversing valve. Compared with the straight
cutting structure, the arc cutting slider four-way reversing valve has a more stable reversing process and better
comprehensive reversing performance. The results can provide a theoretical basis for engineers to improve the
performance of four-way reversing valves.

Keywords: four-way reversing valve; computational fluid dynamics (CFD); slider; reversing performance

1. INTRODUCTION

With the increasing importance of global greenhouse gas emissions and climate warming, the
energy conservation and emission reduction of HVAC have been paid more and more attention by
the relevant national departments and industries, which also put forward higher requirements for
air conditioning accessories. The four-way reversing valves are the main component of the air
conditioning system, which is mainly used in the heat pump type air conditioning unit. Through the
four-way reversing valve, the air conditioning system can realize the conversion of refrigerant flow
direction according to the needs, and change the functions of the condenser and evaporator of the air
conditioning system, so as to realize the switch of the refrigeration, heating, defrosting and other
functions of the air conditioner.

Researchers have done a lot of work on the characteristics of air conditioner four-way reversing
valves [1-4]. Krishnan [5] evaluated the impact of the four-way reversing valves on the performance
of the heat pump air-conditioning system and pointed out that the poor performance of the four-way
reversing valves could lead to a 5% reduction in the efficiency of the whole system. Damasceno [6]
discussed the influence of the four-way reversing valves on the heat pump air conditioning system
through a mathematical model in terms of heat transfer, pressure drop and leakage. Raichintala and
Kulkarni [7] also established a mathematical model of the four-way reversing valves to describe the
energy loss of the valves and its influence on the heat pump system. In this mathematical model,
energy loss caused by friction, refrigerant leakage and heat transfer was separated from the total
energy loss and each factor was investigated separately. Deng [8] studied and compared the

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202304.0458.v1
http://creativecommons.org/licenses/by/4.0/

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 April 2023 doi:10.20944/preprints202304.0458.v1

performance of the heat pump system with and without four-way reversing valves by using
experimental methods, and the results showed that the heating capacity, performance coefficient
(COP) and energy efficiency of the heat pump system without four-way reversing valves were
improved. Chen [9] analyzed the two basic conditions for reversing smoothly of four-way reversing
valves from theoretical and experimental perspectives. Liu [10] studied the influence of the flow
channel on the flow performance of the four-way reversing valves through simulation and
experiment. Peng [11] compared and analyzed the performance of the traditional four-way reversing
valves structure and D-E straight-through four-way reversing valves, and the results showed that D-
E straight-through four-way reversing valves could improve the heating performance of the system,
but could not improve the annual energy consumption efficiency of the air-conditioning system APF
(Annual Performance Factor).

In the early stage, researchers conducted many studies on the impact of four-way reversing
valves on energy efficiency, heat transfer and leakage of the whole air conditioning system, but rarely
involved research on the reversing performance of four-way reversing valves [12,13]. As the slider is
the main part of the four-way reversing valves, the research on the reversing performance of the slide
block to the four-way reversing valve is not comprehensive enough.

In this paper, the internal flow field of four-way reversing valves with different sliders and its
influence on the reversing performance are studied by means of numerical analysis. It is found that
the slider structure of the four-way reversing valves can cause changes in the flow field inside the
chamber, and by comparing the resistance and thrust of different slider structures, it is found that the
cutting-structure slider valves are effective in improving the reversing smoothness. The research
results of this paper can provide a reference for the optimized design of the four-way reversing
valves. It can be of important significance to improve the smoothness of reversing during the
operation of air conditioners.

2. Structure and principle of four-way reversing valve

2.1. Structure of four-way reversing valve

The four-way reversing valve is a complex component in the air conditioning system, which is
mainly composed of slider, valve seat, valve body, pilot valve, piston, slider support frame and tubes
connecting the inlet and outlet of the compressor and the two units of the air conditioning system
(evaporator and condenser), as shown in Figure 1. A slider embedded in the support frame changes
the refrigerant flow direction from one end of the valve chamber to the other.
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Support frame Slider Piston

Valve body Pilot valve Valve seat

Figure 1. Three-dimension model of four-way reversing valve.

2.2. Working principle of four way reversing valve

The working principle of the four-way reversing valve is shown in Figure 2. When the heat
pump air-conditioning system switches from the heating cycle shown in Figure 2 (b) to the cooling
cycle shown in Figure 2 (a), the electromagnetic coil is powered off, the pilot slide valve moves to the
left driven by the compression spring force, and the high-pressure refrigerant gas enters the right
piston chamber through the pilot valve. At the other end, the compressor continuously draws gas
into the compressor through the S-tube, reducing the pressure in the left piston chamber. At this time,
there is a pressure difference between the piston chambers, thus moving the slider to the left. When
the slider moves to the left end position, the E/S tube and the D/C tube are connected respectively,
and the heat pump system switches from the heating cycle to the cooling cycle.

When the electromagnetic coil is energized, the electromagnetic force generated by the
electromagnetic coil in the pilot valve moves to the right to overcome the tension of the spring, and
the high-pressure refrigerant gas enters the left piston chamber through the pilot valve. At the other
end, the compressor constantly draws gas into the compressor through the S-tube, reducing the
pressure in the right piston chamber. At this time, there is a pressure difference between the left and
right piston chambers, thus moving the slider to the right. When the slider moves to the right end
position, the C/S tube and the D/E tube are connected respectively, and the heat pump system
switches from the cooling cycle to the heating cycle.
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Figure 2. Schematic diagram of four-way reversing valve.

3. Hydrodynamic control equations

Computational fluid dynamics (CFD) is the process of dividing the continuum model of air
moving into large algebraic equations and solving them on a computer. The partial differential
equation is transformed into algebraic equation by discretization and algebraic differential equation,
and then the equations are solved by appropriate numerical calculation method to obtain the
numerical solution of the flow field, and then the node solution is fitted to the corresponding area of
the grid by different fitting methods. With the development of computational fluid dynamics and the
improvement of computer running speed, computational fluid dynamics has been used by more and
more researchers to study the flow field inside the valve, in order to obtain the detailed situation of
fluid flow inside the valve [14-17].

When fluid flows, all media satisfy the law of conservation of physics: the law of conservation
of mass, momentum and energy. When the fluid flow is in turbulent state, the whole system also
follows the turbulent transport equation. These mathematical descriptions of conservation laws are
collectively known as governing equations. In this paper, the Realizable k-¢ turbulence model
provided in CFD software is used for numerical calculation.

The control equation of turbulence is three-dimensional incompressible Reynolds time-mean
Navier-Stokes equation:

Continuity equation:

a—'Oi-div(pu) =0 (1)
ot

Where div is vector symbol, div(a)= dax/Ox+0ay/dy+0az/dz, p is fluid density, kg/m?; ¢ is time,
s; u is velocity vector, m/s.

Momentum conservation equation:

M+div(puu): _6_+ X4 + —=+F (2a)
ot ox

0 0 0
a((';v) + div(pvu) = _6_p+ ;"y + ;yy + ;Zy + F, (2b)
X )y iz
0
opv) + div(pwu) = - 0 + Ot PAECI Ot +F (20
ot oz ox oz

Where u, v, w are the components of the velocity vector u in the x, y, and z directions, m/s; x. y
v zis fluid flow direction ; p is the pressure on a fluid cell, N; 7 is viscous stress, Pa; Fx. Fy. F:is
the physical strength of the micro element in the x, y and z directions, N.
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Where T is temperature, K; k is heat transfer coefficient of fluid, W/(m?K); ¢, is specific heat
capacity of fluid, J/(kg-K); Sris the internal heat source of fluid and the part of fluid mechanical energy
acted by viscosity, ] [18,19].

4. Simulation model and boundary conditions

The four-way reversing valves are located at the exhaust end of the air conditioning compressor.
The four-way reversing valves realize the reversing (slider thrust) by pushing the slider in the valve
body through the high temperature and high-pressure refrigerant gas from the compressor. At the
same time, the slider is also under the pressure of the upper part of the high-pressure tube to achieve
the fit between the valve seat (slider resistance). The easier the reversing, the resistance to push ratio
is too large, which will cause poor reversing of the four-way reversing valve, which will cause
vibration and noise problems of the valve body, and then affect the performance and life of the whole
air conditioning. Therefore, the research on the structure of the slide block of the four-way reversing
valve and the flow field in the valve body, especially the research on the pressure and velocity of the
refrigerant gas near the slide block in the reversing process, has been paid more and more attention
by people and become one of the research directions of the four-way reversing valve.

4.1. Simulation model

The slider is one of the core components of the four-way reversing valves, which mainly has two
functions: one is to switch the flow direction of the refrigerant when the four-way reversing valves
are switched over in the cooling and heating cycle; the other is to isolate the high and low pressure
area in the non-reversing stable state. In the process of slider moving from one end to the other end,
there is a period of time between C tube, E tube and S tube is ventilated. When the slider is in the
middle position, the flow between C/E/S tube is called the middle flow, which plays the role of
pressure relief. Whether the design of intermediate flow is reasonable or not directly determines the
reversing performance of four-way reversing valves. If the intermediate flow rate is too small, the
refrigerant pressure in the valve body will rise instantaneously and impact the slider, the friction
resistance of the slider will increase, and the vibration and noise of the valve body will be produced
at the same time. Excessive intermediate flow will lead to small pressure difference in the piston
chamber, insufficient thrust, reversing stagnation, affecting the normal reversing function of the four-
way reversing valve. The structure of the slider directly affects the intermediate flow of the four-way
reversing valves, so it is necessary to design a slider with appropriate thrust and friction resistance
structure to ensure the reversing performance of the four-way reversing valves.

Since the structure and size of the slider are the main factors affecting the intermediate flow rate,
the no-cutting, straight- cutting and arc-cutting slider structures are selected to analyze the reversing
working process, observe the changes in fluid pressure and speed in the valve chamber, as well as
the changes in the resistance and thrust received by the slider, and then analyze and compare the
reversing performance of the four-way reversing valve. The specific structure is shown in Figure 3.

(a) No-cutting structure (b) Straight-cutting structure (c) Arc-cutting structure

Figure 3. Three different slider structures.

The refrigerant gas flow area such as valve body, slider, valve seat and C/E/S/D tube is taken as
the calculation domain, while some non-essential parts such as capillary and pilot valve are ignored
Figure 4 shows the grid cross-section diagram of the calculation model. The calculated flow medium
is common refrigerant R410A, and the corresponding thermal and physical parameters are obtained
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from the NISTREFPROP software. The turbulence model with Realizable k-¢ Reynolds mean stress
Navier-Stokes equations are addressed, which has the characteristics of high precision and low
consumption of computing resources. The main advantage of polyhedral mesh is that it has multiple
adjacent cells to reduce the total number of grids, and the calculation accuracy can be well
guaranteed. In order to simulate the sliding process of slider, the sliding grid technique is adopted.

Figure 4. Mesh of computational model.

4.2. Boundary conditions

In order to ensure the consistency between the numerical simulation and the actual system, the
geometric model, boundary conditions and reversing time are measured from the actual product
operation. The E tube and C tube are the pressure outlet boundary. The pressure of C tube is slowly
reduced from 2.9Mpa to 0.5Mpa by using dynamic function, and the pressure of E tube is slowly
increased from 0.5Mpa to 2.9Mpa. The D inlet tube is set at the stagnation inlet boundary of 3.0Mpa
atmospheric pressure. The outlet tube Sis set as the outlet boundary condition of 0.4Mpa atmospheric
pressure, and the other wall boundary is set as solid wall surface, as shown in Figure 5. In order to
ensure rapid convergence and calculation speed, the time step is set to 5x10-5s. The simulation
process is from cooling cycle to heating cycle, that is, the slider slides from E tube to C tube.

/Stagnatnon Inlet: 3MPa

Pressure Outlet: 0.5—2.9MPa Pressure Outlet : 0.4MPa  Pressure Outlet : 2.9—0.5MPa
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Figure 5. Computational boundary condition.
5. Results and discussion

5.1. Analysis of simulation results

The slider structure determines the intermediate flow of the four-way reversing valves, and then
affects its reversing fluent performance. The intermediate flow also affects the pressure and velocity
of the refrigerant fluid in the valve body.

In the case of three different slider structures, the distribution of flow field pressure and velocity
of refrigerant fluid in the four-way reversing valves chamber are shown in Figure 6 and Figure 7
when the slider is under the initial sliding state.

Pressure (Mpa)
3.00

2.70
2.40
2.10
) “ !

, ‘ 1.80
1.50

1.20

) Lo 0.90

(a) No-cutting structure (b) Straight-cutting structure (c) Arc-cutting structure 0.60

0.30

Figure 6. Pressure field of start positon.

As can be seen from Figure 6, the pressure value, distribution of high and low pressure areas,
and pressure drop areas in the valve chamber of the different sliders are basically the same. After the
high-pressure fluid is discharged from the compressor, it enters the valve body from the D tube, and
then flows out to the two devices (condenser and evaporator) through the C tube, enters the E tube,
and then enters the compressor to the next cycle through the S tube. The pressure distribution trend
of the three structures also conforms to the above circulation process. The fluid pressure in the D tube
is higher, and after entering the valve chamber, the fluid flows to both ends of the slider. On the left
side of the chamber, the pressure is higher because the space is closed. E tube and S tube are
connected, belonging to the low-pressure side. Fluid flows from E tube to S tube. Because the
direction of fluid changes 180° near the slide block, certain pressure drop is generated. For the three
slider structures, the overall pressure distribution in the four-way reversing valves is as follows: D
tube has the highest pressure. After entering the main chamber, the pressure far away from the port
of the connecting two devices is higher, while the pressure near the port of the connecting two devices
is lower. There is no significant difference in the pressure on the surface of the slider.
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Figure 7. Velocity contours of start position.

As can be seen from Figure 7, velocity distribution in valve body cavity is similar to pressure for
sliders of different structures, and velocity gradient changes in high speed area are basically
consistent. The overall velocity distribution is as follows: After entering the main chamber, the
velocity of D tube is the highest. As there is no flow outlet near the connecting two tubes, the velocity
in some areas is close to 0, and there is a flow dead zone, the fluid velocity in the whole valve body
is low. Near the connecting pipe of the two tubes, the fluid velocity has a certain increase, and the
discharge effect is obvious. Near the wall surface close to the S-tube, the fluid velocity is greatly
improved, and there is no significant difference in the velocity of the slider surface.

Since the intermediate flow rate is the flow rate when the slider slides to the middle position, the
fluid condition in the cavity is the main factor reflecting the reversing performance. Therefore, it is
necessary to investigate the distribution of fluid pressure and velocity in the cavity when the slider
is in the middle position. Figure 8 and Figure 9 show the distribution of flow field pressure and
velocity in the chamber when the slider is in the middle position.
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Figure 8. Pressure contours of middle position.

It can be seen from Figure 8, when the slider is in the middle position, the pressure in the
chamber of the slider no-cutting structure is the largest, and the pressure at each position in the
chamber is almost equal to that of D tube, at about 3Mpa. The pressure in the chamber of the slider
with straight-cutting and arc-cutting structures is relatively small, at about 2.2Mpa, which is
obviously lower than that of the four-way reversing valve no-cutting structure. The pressure
distribution in the whole chamber is relatively uniform. In addition, it can be seen from the pressure
field that on both sides of the slider, the high pressure release area of the straight-cutting structure
and the arc-cutting structure is obviously larger than that of the no-cutting structure, which is also
the main reason why the pressure distribution in the chamber of the cutting structure is lower than
that of the no-cutting structure.
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Figure 9. Velocity contours of middle position.


https://doi.org/10.20944/preprints202304.0458.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 April 2023 doi:10.20944/preprints202304.0458.v1

10

It can also be seen from the distribution of flow field velocity in Figure 9 that the fluid velocity
in the chamber of the slider with cutting-structure is higher than that of the no-cutting structure. The
slider with cutting-structure on both sides of the slider has an obvious velocity gradient,
corresponding to the pressure cloud diagram. No-cutting structure, the pressure in the chamber is
lower on the whole, and there is a certain flow dead zone, which is not conducive to fluid flow.

5.2. Experimental comparison and analysis

In order to verify the authenticity of the simulation, a pressure test bench for the valve chamber
of the four-way reversing valve was designed and built. In order to facilitate the arrangement of
sensors, a pressure sensor was placed on the chamber wall above the E tube in the valve chamber of
the four-way reversing valves to measure the change of pressure at this point during the reversing

process of the four-way reversing valve. The experimental platform is horizontal, as shown in Figure
10.

Pressure
Monitoring Points

Figure 10. Acquisition experimental platform of pressure.

After the reversing stability of the four-way reversing valves, the experiment was carried out to
eliminate the unstable factors at the beginning and near the end of the reversing. The count was from
0.1s of each reversing to 0.3s before the end. The pressure value was taken every 0.05s, the pressure
was measured 5 times and the average value was taken. The pressure results of this position point
were extracted from the pressure field simulation results of three slider structures respectively and
compared with the average test results of three different slider structures. The results are shown in
Figure 11.
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Figure 11. Results of experiment and numerical simulation on the pressure.

As can be seen from the figure, the pressure variation trend calculated by numerical simulation
tends to be consistent with the test results. The maximum error is 4.66% when the slider moves 0.3s
in the straight-cutting structure, and the allowable error range of engineering is +5%. Therefore, the
results obtained by numerical simulation are reliable and meet the accuracy requirements.

5.3. Investigation of effects of slider structure on the reversing performance

The basic condition of the four-way reversing valves is that the thrust F: of the slider is greater
than the friction between the slider and the valve seat f, f=uF:. Fis the positive pressure of the slider,
u is the kinetic friction factor, only related to the material and roughness of the contact surface, Fr is
defined here as the resistance of the slider. Therefore, the reversing performance of the reversing
valves depends on the thrust F: and resistance Fr of the slide [11].

Fo=(p-r)s, (4)

Where Prand Pr are the pressure on the left and right ends of the slider, Mpa; Scis the axial cross-
sectional area of the slider, m?2.

r =05 =S, ©)

Where Prand P» are the pressure on the upper and lower surfaces of the slider, Mpa; St and Sb
are the areas of the upper and lower surfaces of the slider, m2.

The resistance and thrust changes of three slider structures in the process of reversing are shown
in Figure 12. It is obvious from the figure that thrust of the three sliders is almost equal at the
beginning and end of reversing. With the passage of reversing time, thrust of the no-cutting sliders
first increases and then decreases at the middle position until the end of reversing. The thrust of the
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straight-cutting slider first increases, reaches the maximum at 0.12s and then decreases, then increases
again at the middle position, and then decreases at 0.28s until the end of reversing. The thrust of the
circular arc cutting slider increases at the beginning, becomes stable at 0.12s, and decreases at 0.28s
until the end of the reversing.

It can also be seen from Figure 6 and Figure 8 that, at the beginning, the pressure in the chamber
of the three slider structures is similar. When the slider reaches the middle position, the pressure in
the chamber of the no-cutting structure is the largest, while the pressure in the chamber of the
straight-cutting and arc-cutting structure is small. It can also be seen from Figure 12 that the resistance
of no-cutting structure is the largest, followed by arc-cutting structure and straight -cutting structure.
In addition, the change trend of resistance in the course of reversing is from first increasing to the
middle position decreasing until the end of reversing. This is because with the movement of the
slider, the slider surface is directly affected by the impact area of high pressure fluid more and more
large, reached the middle position when the maximum, and then gradually reduced until the end of
the reversing, and the effective compression area of the no-cutting structure is the largest, so the
resistance of the no-cutting structure slider is the largest.

—— No cutting structure Resistance
Straight cutting structure Resistance
Arc cutting structure Resistance

No cutting structure  Thrust

—— Straight cutting structure Thrust
Arc cutting structure_ Thrust

5000

4500

4000

3500

Force/N

3000 ~

2500

2000

1500 -

Figure 12. Resistance and thrust on slider.

Since the resistance and thrust trends of the three structural sliders in Figure 12 are consistent,
the reversing performance cannot be directly judged. In order to further compare the reversing
performance of the three structures, the reversing process of the four-way reversing valve is observed
by using the ratio of slider resistance and thrust (resistance to thrust ratio). The smaller the resistance-
to-thrust ratio, the more conducive to reversing. The resistance-to-thrust of the three slider structures
is shown in Figure 13.
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Figure 13. Ratio of resistance and thrust on slider.

It is obvious from the figure that the resistance-to-thrust ratio of the slider of the no-cutting
structure is the smallest at the beginning and end of the reversing stage, followed by the arc-cutting
structure, and the resistance-to-thrust ratio of the straight-cutting structure is the largest. However,
at the middle position, the resistance-to-thrust ratio of the no-cutting structure is the largest, and the
resistance-to-thrust ratio of the arc-cutting structure and the straight-cutting structure is the same,
and both are smaller than the no-cutting structure. As the middle position is the most important
position in the whole reversing process, the positive pressure at this time is the largest and the
reversing is the most difficult. Therefore, the reversing performance of the cutting structure slider is
better than the no-cutting structure slider. In addition, it can be seen from the figure that the resistance
to thrust ratio transformation of the slider of the straight-cutting structure fluctuates more violently
than the arc-cutting structure, which is easy to generate vibration and noise in the reversing process,
also unfavorable to the reversing process. Therefore, the reversing performance of the arc-cutting
slider is optimal.

6. Conclusions

(1) The slider structure affects the pressure and velocity distribution in the valve chamber during
the reversing process of the four-way reversing valve. At the beginning of reversing, there is little
difference in the pressure and velocity distribution in the valve chamber of no cutting slider,
straight cutting and arc cutting slider. When the slider slides to the middle position of the four-
way reversing valve, the pressure in the chamber of the no-cutting structure slider is greater than
that in the chamber of the cutting structure slider.

(2) At the beginning and end of the reversal, the thrust of the three structures is almost the same. In
the reversing process, the thrust received by the no-cutting structure slider is first large and then

small, and reaches the maximum in the middle position. The thrust of the straight-cutting
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structure slider first increases and then decreases, and then increases and then decreases. The
thrust of the circular cutting structure slider first increases and then stabilizes for a period of
time and then decreases. The resistance of the three structures increases first and then decreases,
among which the resistance of the slider without cutting the structure is the largest.

(3) In the middle of the reversing position, the resistance-to-thrust ratio of the no-cutting structure
slider is the largest. The resistance-to-thrust ratio of the straight-cutting structure slider is similar
to the arc-cutting structure slider, but the resistance-to-thrust ratio of the arc-cutting structure

slider changes gently, which is more conducive to reversing.
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