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Abstract: Chillers are widely used in commercial buildings for air conditioning, and their energy
consumption is the main contribution to the building’s carbon emissions. Currently, the COPs of
small- and medium-capacity screw chillers are still generally lower than 6.5, whereas large-capacity
commercial centrifugal chillers have achieved an ultra-high energy-efficiency level of COP > 7.0. To
achieve an ultra-high energy efficiency of COP > 6.5 in medium-capacity chillers, the authors devel-
oped a 200 RT screw chiller by adopting the technologies of two-stage compression and interstage
vapor injection. The whole development process, including the design, simulation, analysis, and
experiment, is presented in this paper. It was found that the two-stage compression technology could
effectively boost the performance of the chiller’s compressor to a maximum volumetric and adiabatic
efficiency of 99% and 80%, respectively. With the interstage vapor injection technology, the chiller’s
cooling capacity and COP were increased by more than 11% and 8%, respectively. When the use of
these two technologies was combined, the maximum COP of the chiller reached 7.17. Additionally,
under these working conditions, the COP and integrated part-load value (IPLV) were 6.74 and 10.04,
respectively. In all, the combination use of vapor injection and two-stage compression technologies
shows great potential to improve the performance of chillers. The work and conclusions described
here might provide an effective reference for the future development of high-efficiency small- and
medium-capacity screw chillers.

Keywords: two-stage compression; vapor injection; screw compressor; medium-capacity chiller

1. Introduction

Global warming has posed an increasingly serious threat to human survival and
development [1,2]. There are many losses in the process of energy use. In the field of power
generation, researchers have performed more detailed research on the power generation
system to improve efficiency and reduce carbon emissions. For example, energy, exergy,
and environmental (3E) analyses of the existing system have been conducted in order to
point out and explore the energy saving potential [3], and renewable energy is increasingly
used to replace fossil energy [4,5].

On the other hand, improving the energy efficiency of existing industrial and commer-
cial equipment is also an important and effective way to reduce carbon emissions. Among
such equipment, heating, ventilation, and air conditioning systems are widely used, and
their energy consumption is huge [6,7]. Some efforts for energy saving have been made in
this field. For example, ground source heat pump (GSHP) systems are increasingly used,
because they are one of the cleanest and most energy-efficient heating /cooling systems
for buildings [8]. Compared with GSHP systems, chillers are more traditional but used
more widely, and the improvement of chiller efficiency can effectively promote a decline in
energy consumption [9-11].
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As a typical vapor compression refrigeration system, chiller efficiency could be po-
tentially improved by adopting vapor injection technology [12-14]. Figure 1 shows the
typical vapor injection system. The working process of this system is as follows: after being
condensed in the condenser, the refrigerant changes into a gas-liquid two-phase state after
throttling, and then enters the flash tank, where the two-phase refrigerant is separated
under the action of gravity. The liquid phase refrigerant (Point 7) enters the evaporator after
throttling again, and the gas phase refrigerant (Point 9) enters the compressor. In a study on
vapor injection technology, Yang et al. [15] established a transcritical CO, heat pump system
with vapor injection for electric vehicles and carried out an experimental study from to
—30 °C to 50 °C. By comparison with the basic system without vapor injection, it was found
that the heating performance of the steam injection system was significantly improved. The
lower the outdoor temperature, the greater the improvement. Yoon et al. [16] evaluated the
performance of a vapor injection system and a cascade system by simulation and found
that the vapor injection system had a higher COP under each calculation condition. Ran
et al. [17] studied the operation characteristics of a vapor injection system through simula-
tion and experiment and obtained the optimal vapor injection pressure. Under the optimal
vapor injection pressure, they found that compared with the vapor compression cycle,
the heating capacity and COP increased by 33% and 31%, respectively. Angelo et al. [18]
evaluated a vapor injection system using a mixture refrigerant R290/R600a through a
steady-state simulation and accomplish a parametric analysis considering the influence of
the refrigerant composition on the performance of the refrigeration system. They found that
the COP of the vapor injection refrigeration cycle was 16-32% greater than that of the vapor
compression cycle, depending on the composition of the mixture refrigerant and pressure
drop at the cycle upper-stage expansion valve. Liu et al. [19] developed a commercial
high-capacity permanent-magnetic synchronous frequency-convertible (PSF) centrifugal
chiller, which achieved an ultra-high energy efficiency level of COP > 7.0 when the cooling
capacity exceeded 3000 kW by adopting vapor injection. Xu Peng et al. [20] conducted an
experimental study and comparison on the heating performance of the transcritical carbon
dioxide single-stage cycle and the vapor injection cycle. The results showed that under the
same working conditions, compared with the single-stage cycle, the heat capacity of the
vapor injection cycle was 7.0% higher, the discharge temperature was 7.7-11.8 °C lower, and
the COP was 4.4% higher. Therefore, the vapor injection cycle heat pump has a wider range
of applications in cold conditions. In addition to improving the cooling/heating capacity
and the efficiency of the system, vapor injection can also improve the defrosting process of
the air source heat pump in cold regions. Wei et al. [21] conducted an experimental study
and comparison on the defrosting performance of the single-stage cycle and the vapor
injection cycle. The results showed that at the optimal opening of the injection electronic
expansion valve, the defrosting time and power consumption were respectively decreased
by 20.61% and 17.98%, and the defrosting efficiency was improved by 6.22%.

According to the aforementioned literature, vapor injection technology can boost the
heating/cooling capacity and the coefficient of performance (COP) of the refrigeration
system, and it is especially suitable for applications on high-temperature heat pumps and
low-temperature air conditioners [22,23]. However, for the chiller application, due to the
low temperature rise, the injection pressure difference is low, and the injection port is also
small because of the limited compressor surface. As a result, the injected vapor flowrate
is limited. In the meantime, the energy loss ratio caused by the mixing process grows,
because the pressure in the compressor changes drastically. Consequently, existing small-
and medium-sized capacity chillers rarely use this technology.

Two-stage compression technology shows the potential to solve this problem, because
the injection port can be separated at the pipe rather than at the compressor, as shown
in Figure 2. At the same time, two-stage compression can effectively reduce the leakage
and improve the volumetric efficiency of the compressor, because the pressure ratio can be
distributed to two compressors [24]. In a study on two-stage compression, Stefan et al. [25]
simulated, developed, and tested a two-stage compression system, which could operate at
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an ambient temperature between —30 °C and 10 °C, with the water supply temperature
up to 50 °C. Shen et al. [24] modeled a one-stage and two-stage compression system. The
modeling results showed that when the condenser temperature and evaporator temperature
were 50 °C and —23 °C, respectively, the COP was 5.5 for a two-stage compression system
and 2.0 for a single-stage compression system. The two-stage compression system showed
superior performance to the single-stage system. Cao et al. [26] developed a commercial air
source heat pump combined with a heating system for a two-stage compression system to
achieve high efficiency and low cost. The experimental results showed that the COP of the
combined two-stage compression system with linear compressor was increased by 15% at
the optimal discharge pressure. Kang et al. [27] compared the performance of a double vapor
injection system and a single one. It was found that at the compressor frequencies of 90, 110,
and 150 Hz, the heating capacities of the double vapor injection system were improved by
8.9%, 12.1%, and 18.9%, respectively, and the COPs were improved by 5.8%, 8.6%, and 9.8%,
respectively. Jiang et al. [28] analyzed the influences of subcooling and desuperheating on
the heating COP of a two-stage compression heat pump system by mathematical analysis
and numerical methods. Chen et al. [29] proposed an improved CO, heat pump system for
electric vehicles by introducing the concept of two-stage compression with intermediate
cooling and conducted experiments between the two-stage compression heat pump and
the basic heat pump. The results showed that compared with the basic single-stage cycle
system, the heating capacity and COP of the two-stage compression system were increased
by 50-132% and 18.9-61.9%, respectively, as the ambient temperature decreased from 0 °C
to —20 °C. Ning et al. [30] proposed a multifunctional two-stage vapor compression heat
pump air conditioning system with its operation strategies, which can operate not only in a
single-stage vapor compression cooling and heating mode, but also in a two-stage vapor
compression heating mode under ambient temperatures as low as —35 °C.
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Figure 1. Schematic diagram and pressure-enthalpy diagram of vapor injection system: (a) schematic
diagram of vapor injection system; (b) pressure-enthalpy diagram of vapor injection system.
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Figure 2. Schematic diagram and pressure-enthalpy diagram of two-stage compression with vapor
injection system: (a) schematic diagram of two-stage compression with vapor injection system;
(b) pressure-enthalpy diagram of two-stage compression with vapor injection system.

As mentioned above, vapor injection technology shows the potential to improve the
chiller performance, and the small injection flowrate and large mixing loss limited its
application for small- and medium-capacity chillers. Two-stage compression technology
could solve this problem, because the injection port could be separated from the com-
pression chamber wall. In the meantime, the two-stage compression has been proven to
effectively reduce the leakage loss. However, the research on the system combined with
vapor injection and two-stage compression technology is limited. Xu and Ma [31] presented
a numerical simulation model of a two-stage compression refrigeration system with vapor
injection using R-32 as refrigeration. By simulation analysis, they found that compared with
a no-injection cycle, the vapor injection system provides very significant improvements
for cooling performance; compared with the single-stage compression system, the cooling
capacity and COP of the two-stage compression system can be improved by 5-15% and
10-12%, respectively. Ko et al. [32] developed and experimentally investigated a heat pump
with a two-stage rotary compressor and vapor injection. It was found that the two-stage
compression with interstage vapor injection system improved the heating capacity by
48% and the COP by 36% compared to those values for a conventional system at a water
temperature of 60 °C and an ambient temperature of —15 °C. Xu et al. [33] simulated and
experimentally tested a two-stage compression heat pump with an interstage injection
system. They analyzed the effects of the interstage injection process on the interstage
pressure, interstage temperature, and thermal performance parameters of the two-stage
compression system based on the experimental results. Tello-Oquendo et al. [34] compared
the heating capacity and the COPs of a two-stage compression with vapor injection heat
pump for domestic hot water production with single-stage compression under different
working conditions. The COP of the two-stage heat pump was higher than that of the
single-stage heat pump by 17.57% and 8.82% for water outlet temperatures of 40 °C and
65 °C, respectively. According to the aforementioned literature, it is feasible to combine
these two technologies to improve the performance of medium-capacity chillers.

To quantitatively investigate the performance improvement brought by the combina-
tion use of these two technologies, in this paper, the authors adopted these two technologies
for developing a 200 RT water-cooled screw chiller, aimed at achieving an ultra-high ef-
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ficiency of COP > 6.5, which has rarely been achieved on small- and medium-capacity
chillers. The system performance is first analyzed to set the design points of the system
components. Next, the detailed design process of the key component of the two-stage
compressor is presented. Then, a simulation analysis was carried out to verify the cor-
rectness of the design. Finally, the developed chiller is tested by a series of experiments.
The conclusion might provide an effective reference for the research and development on
high-efficiency small- and medium-capacity chillers.

2. Design Point Selection and Analysis of Two-Stage Compression with Interstage
Vapor Injection Chiller

2.1. Theoretical Model of Two-Stage Compression with Interstage Vapor Injection
Refrigeration Cycle

The authors chose R134a as the refrigerant, which is the most widely used medium-
and low-temperature environment-friendly refrigerant, and its temperature range is consis-
tent with the temperature range of the chiller in this design. In addition, R134a does not
contain chlorine atoms, so it does not destroy the ozone layer at all. Although its global
warming potential (GWP) value is high and has been phased out in developed countries,
it is still widely used in developing countries and is still one of the most widely used
environment-friendly refrigerants. What is more, it also has good safety performance: it is
non-flammable, non-explosive, non-toxic, non-irritant, and non-corrosive.

According to Figure 2b, a model of the two-stage compression with an interstage
vapor injection refrigeration cycle is established as follows:

In the evaporator,

~ Qc

where g, is the mass flow rate (kg/s), the subscript L represents the low-pressure stage
compressor, h is the specific enthalpy of the refrigerant (kJ/kg), and Qc is the cooling
capacity of the chiller (kW).

In the flash tank, according to the law of conservation of mass and the law of conser-
vation of energy,

Gmuhs= q,, yhe= G, L h7 + (Qm,H - qm,L) hg 2)

where the subscript H represents the high-pressure stage compressor.
In the intermediate chamber, according to the law of conservation of mass and the law
of conservation of energy,

B3 = 2+ (Gt = G0 ) o ©)

When the evaporation and condensation state of the cycle have been determined, the
factor that has the greatest influence on the cycle is the interstage pressure, which can affect
the parameters of each state point. There are many aspects for the influence of interstage
pressure on the two-stage compression with interstage vapor injection refrigeration system.
For example, when the interstage pressure increases, the saturation pressure in the flash
tank increases, so the dryness of the refrigerant in the flash tank decreases, resulting in
a decrease in the mass flow rate of vapor injection. At the same time, the dryness of the
refrigerant entering the evaporator increases, resulting in a decrease in the refrigerating
capacity of the unit mass refrigerant, which requires a larger mass flow rate of refrigerant
to achieve the same cooling capacity. In all, when the intermediate pressure rises, the
pressure ratio and mass flow rate of the low-pressure stage compressor increase, resulting
in an increase in its power consumption. However, the pressure ratio of the high-pressure
stage compressor decreases, and its power consumption decreases. Therefore, for a certain
two-stage compression with interstage vapor injection refrigeration system, there exists an
optimal interstage pressure to maximize the COP of the system. In thermodynamics, the
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optimal pressure in the two-stage adiabatic compression of the ideal gas with intercooling
can be calculated as [35]:

Popt = / PiPs 4)
where Popt, Pis and ps represent the optimal interstage pressure, the initial pressure, and
the final pressure, respectively. As a matter of fact, (4) is obtained by taking the minimum
value of the indicated work calculation equation. As for the two-stage compression with
interstage vapor injection refrigeration cycle, refrigerant cannot be regarded as the ideal
gas, and there is no intercooling process in this cycle. Therefore, it is necessary to determine
the optimal intermediate pressure by modeling and calculation.

When the interstage pressure is determined, each state point of the theoretical cycle
can be determined. Considering the loss of the compressor in the actual working process, it
is necessary to introduce the compressor efficiency.

The efficiencies of the compressor indicate the perfection of the compressor, and
they are expressed by the ratio of the power required by the ideal compressor to the
power required by the actual compressor. This will directly affect the performance of the
refrigeration system.

The volumetric efficiency of the compressor is the ratio of the actual volume flow to the
theoretical volume flow, which directly reflects the extent to which the working chamber
of the compressor is effectively used. It is comprehensively affected by the structural
characteristics, working conditions, and manufacturing quality of the compressor. It can be
calculated as:

=1 ©)
qvt
where 77y is the volumetric efficiency of the compressor (%), and gy and gy are the actual
and theoretical volumetric flow rates (m®/s), respectively.

The adiabatic efficiency of the compressor refers to the ratio of theoretical cycle adia-
batic power to shaft power, which can reflect the influence of pressure loss and leakage in
compressors of the same compression stage. It can be calculated as:

P
Mad = -2 )

Ps
where 7,4 is the adiabatic efficiency of the compressor (%), P.q is the theoretical cycle
adiabatic power (kW), and Ps is the actual shaft power of the compressor (kW).
Then, the shaft power of the compressor can be obtained:

Py — (b2 =) - G (hs — h3) @)
Had,L. ﬂad,L
Finally, the COP of the system can be calculated:
Qc
COP =—"—F— 8
Ps1+Psh ®

2.2. Design Point Selection

The design requirements are as follows: The nominal cooling capacity is 200 RT
(703.4 kW). The condensation and evaporation states are 35.5 °C, 899.4 kPa, and 6 °C,
362 kPa, respectively. The pressure loss in the suction pipe and the discharge pipe is 2 kPa
and 3 kPa, respectively. The mechanical, motor, and inverter efficiencies are assumed to be
98%, 97%, and 98%, respectively. The design objective is to achieve the chiller’s COP > 6.5.

Firstly, the authors theoretically calculated the effect of interstage pressure on the COP of
the chiller, neglecting factors such as the loss in the compressor and the pressure loss in pipes.
The result is shown in Figure 3, from which we can obtain the appropriate interstage pressure
range as 550-575 kPa. It can be seen from Figure 3 that the actual maximum COP is 9.334,
which is 0.12% higher than that calculated by the method of equal pressure ratio distribution.
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Figure 3. Effect of interstage pressure of the compressor on COP of the chiller.

Then, the effect of the total adiabatic efficiency of the compressor on the COP of the
chiller was calculated under the condition of an interstage pressure of 550 kPa. The result is
shown in Figure 4, from which we can obtain the adiabatic efficiency ranges corresponding
to COP = 6.5 and 7.0 as 75-80% and 80-85%, respectively.

10

0 : L . I . 1 . 1 :
50 60 70 80 90 100

Total adiabatic efficiency (%)

Figure 4. Effect of total adiabatic efficiency of the compressor on COP of the chiller.
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From the above analysis, the authors assume that the total adiabatic efficiency of the
compressor is 81% and 75.5%, respectively, and the corresponding adiabatic efficiency
indicating the efficiency of the compressor is 87% and 81%, respectively, and the parameters
of the chiller can be calculated under these two assumptions. Table 1 shows the calculation
process and results.

Table 1. Process and results of design point setting and analysis.

Calculation Results Condition 1 Condition 2
Evaporation temperature (°C) 6 6
Condensation temperature (°C) 355 355
Evaporation pressure (kPa) 362 362
Condensation pressure (kPa) 899.4 899.4
Pressure loss in suction pipe (kPa) 2 2
Pressure loss in discharge pipe (kPa) 3 3
Assumed mechanical efficiency (%) 98 98
Assumed motor efficiency (%) 97 97
Assumed inverter efficiency (%) 98 98
Assumed total adiabatic efficiency of compressor (%) 81 75.5
Assumed adiabatic indicated efficiency of compressor (%) 87 81
Suction pressure of low-pressure stage compressor (kPa) 360 360
Pressure ratio of low-pressure stage compressor (-) 1.561 1.561
Volumetric flow rate of low-pressure stage compressor (m>/min) 13.72 13.72
Indicated power of low-pressure stage compressor (kW) 43.06 46.25
Discharge pressure of high-pressure stage compressor (kPa) 902.4 902.4
Pressure ratio of high-pressure stage compressor (-) 1.592 1.592
Volumetric flow rate of high-pressure stage compressor (m3/min) 9.915 9.955
Indicated power of high-pressure stage compressor (kW) 50.4 54.4
Motor power (kW) 98.34 105.86
Input power (kW) 100.34 108.02
Chiller’s COP (-) 7.01 6.51

The COP of the chiller can reach 7.01 when the total adiabatic efficiency of the com-
pressor reaches 81% and 6.5 when the total adiabatic efficiency of the compressor reaches
75.5%. Therefore, the key to developing a high efficiency two-stage screw chiller with
COP > 6.5 is to obtain the total adiabatic efficiency of the low- and high-pressure stage
compressors as more than 75.5%.

3. Development of High-Efficiency Two-Stage Screw Refrigeration Compressor
3.1. Rotor Profiles

According to the calculated flow and other parameters, a 5 + 5 rotor profile with the
same number of teeth as shown in Figure 5a is designed to facilitate the use of sealing
coating, and the high-pressure stage adopts a 5 + 6 tooth profile, as shown in Figure 5b.
These two profiles are characterized by bilateral asymmetry. They have the same type and
number of tooth curves. Each profile of rotor is composed of six circular arcs or its envelope
curve, emphasized in different colors, as shown in Figure 5. The main difference between
these two profiles is the gear ratio, which would result in different geometric characteristics
and thus a distinct thermodynamic performance. The profiles can completely realize the
sealing of a “curved surface” between rotors, help to form a hydrodynamic lubricating oil
film, reduce the transverse leakage through the contact line, and improve the efficiency of
the compressor. In addition, these two profiles have a good machining performance and
can be machined by grinding.
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(@) (b)
Figure 5. Rotor profiles: (a) rotor profile of low-pressure stage; (b) rotor profile of high-pressure stage.

3.2. Overall Structure Design

As shown in Figure 6, the newly designed two-stage screw refrigeration compressor
is arranged in a series with a motor, a low-pressure stage, an intermediate chamber, and
a high-pressure stage. The two-stage rotors are arranged horizontally, and the male and
female rotors are arranged on the same side. The male rotor is driven by the motor, and
the two-stage rotors are connected by the coupling. At the same time, in order to maintain
a high performance of the compressor in a wider working range, the high-pressure stage
compressor is equipped with a regulating slide valve with a design internal volume ratio
regulating range of 1.05~1.5.

Figure 6. Three-dimensional model of the newly-designed two-stage refrigeration compressor.

3.3. Rotor Dynamics Calculation

In order to evaluate the operation stability of this new two-stage screw compressor, the
rotor dynamics calculation was carried out. The deformation of the male and female rotors
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A: Static Structural
Total Deformation

Type: Total Deformation
Unit: mm

2.9007E-2 Max
2.5784E-2
2.2561E-2
1.9336E-2
1.61156-2
1.28926-2
9.6690E-3
6.4460E-3
3.2231E-3
1.5078E-7 Min

at 3600 rpm was calculated first, and the results are shown in Figure 7. The maximum
deformation of the male rotor shafting and that of the male rotor both occur at the outer
side of the motor, which are 0.029 mm and 0.021 mm, respectively, and that of the male
rotor tooth surface occurs at the top of the tooth with a large pressure difference between
the teeth, which is 0.010 mm. For the female rotor, the maximum deformation occurs at the
tooth top far away from the contact line, that is, where the pressure difference between the
front and rear teeth is large, but the order of magnitude is very small, and the maximum
deformation is 0.0037 mm. The rotating speed basically has no effect on the deformation.

A: Static Structural
Total Deformation

Type: Total Deformation
Unit: mm

3.6738E-3 Max
3.2658E-3
2.8578E-3
2.4498E-3
2.0417€-3
1.6337E-3
1.2257€-3
8.1766E-4
4.0963E4
1.6118E-6 Min

0.00 100.00 200.00 (mm)
L SSa—  SS—

50.00 150.00

100.00 300.00

(a) (b)

Figure 7. Deformation calculation results: (a) deformation calculation results of male rotor;
(b) deformation calculation results of female rotor.

In the rotor dynamics calculation, the first six modes were calculated, and the calcu-
lation range was 10-8000 rpm. The male rotor has a critical speed of n; = 6405 rpm, but
a maximum working speed of n < 0.7ny, so the structure is safe. The female rotor has no
critical speed in the range of 10-8000 rpm, so the structure is stable, too.

3.4. Computational Fluid Dynamics (CFD) Simulation Analysis

In order to quickly verify the performance of the two-stage screw refrigeration com-
pressor, the low- and high- pressure stages of the compressor were modeled and analyzed,
respectively, and the vapor injection process was considered into the discharge chamber of
the low-pressure stage. In order to analyze and calculate the flow field in the rotor area, it
is necessary to establish the suction and discharge flow fields. Combined with the practical
working process of the screw refrigeration compressor, the three-dimensional diagram of
the two-stage screw refrigeration compressor was partially simplified, and the suction and
discharge flow fields of the low- and high-pressure stages with both radial and axial flow
fields were constructed. The authors used Twinmesh [36] to generate the meshes of the
low- and high-pressure stages of the rotor area and the suction and discharge end clearance.
ANSYS [37] Mesh was used to generate the mesh of the suction and discharge channels.
The mesh element size was set as 4.5 mm, the mesh on the suction and discharge port
surface adjacent to the rotor section was densified, and its element size was set as 2.5 mm.
These size settings can ensure that the grid quality is high enough to ensure the accuracy of
the calculation [38]. These meshes were introduced into ANSYS CFX, and the flow field
boundary conditions were set according to Table 2. The flow field models of the low- and
high-pressure stages are shown in Figure 8a,b, respectively.

In this CFD calculation, the authors first calculated the mass flow rate of each part,
including the suction mass flow rate and the vapor injection mass flow rate of the low-
pressure stage and the suction mass flow rate of the high-pressure stage. What is more,
the power consumption, the pressure distribution, and the temperature distribution on the
rotor surface of the low- and high-pressure stages were calculated. The velocity distribution
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of the refrigerant in the meshing clearance, the teeth tip clearance, and the suction and
discharge end clearance of the low- and high-pressure stages were also calculated. Finally,
the pressure-time curves of the low- and high-pressure stages were obtained, which are
shown in Figure 9a,b, respectively. Table 3 shows the CFD calculation results.

Table 2. Flow field boundary conditions settings.

CFD Settings
Refrigerant (-) R134a
Rotor speed (rpm) 2950
Suction temperature of low-pressure stage (°C) 6
Suction temperature of high-pressure stage (°C) 21.8
Discharge temperature of low-pressure stage (°C) 23.2
Discharge temperature of high-pressure stage (°C) 40.3
Vapor injection temperature (°C) 19.9
Suction pressure of low-pressure stage (kPa) 360
Suction pressure of high-pressure stage (kPa) 570
Discharge pressure of low-pressure stage (kPa) 570
Discharge pressure of high-pressure stage (kPa) 902.4
Vapor injection pressure (kPa) 570
Inlet boundary (-) Opening
Outlet boundary (-) Opening
Vapor injection boundary (-) Opening
ANSYS

R19.2

R19.2 Pk kL ANSYS

’ :
2 0 0.200 0.400 (m) ‘51

(@ (b)

Figure 8. Flow field models: (a) flow field model of low-pressure stage; (b) flow field model of

high-pressure stage.

From the results, it can be determined that the low-pressure stage suction mass flow
rate and power consumption are close to the design value, and the vapor injection mass
flow rate is slightly higher than the design value. The suction mass flow rate of the high-
pressure stage is also slightly higher than the design value, mainly because the calculated
vapor injection mass flow rate is higher than the design value.

In the low- and high-pressure stages, the pressure on the rotor surface increases
gradually along the axial direction, and the maximum pressure occurs in the inter-tooth
volume that is about to connect to the discharge port. The temperature distribution on
the surface of the rotor has a similar trend as the pressure distribution, which increases
gradually along the axial direction. In particular, the surface temperature distribution of
the male rotor is regular along the tooth height direction. In the same volume between
teeth, the tooth root temperature is lower than that at the tooth tip. Due to the throttling
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effect at the meshing gap, the pressure energy and internal energy of the refrigerant are
converted into kinetic energy, which makes the temperature and pressure of the refrigerant
low and forms an obvious gradient on the contact line. The speed of the refrigerant reaches
the maximum value at the meshing clearance. Compared with the speed at the meshing
clearance, the speed at the teeth tip clearance is smaller.

1,100,000
800,000 |-
1,000,000
700,000
900,000
g 600,000 z
g £ 800,000
g g
£ 500,000 Z
-9 =%
700,000
400,000
600,000
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0.000 0.001 0.002 0003 0.004 0005 0006 0.007 0.000  0.001 0.002 0.003 0004 0005 0006 0.007
Time (s) Time (s)
(a) (b)

Figure 9. Pressure-time curves: (a) pressure-time curve of low-pressure stage; (b) pressure-time curve
of high-pressure stage.

Table 3. Results of CFD calculation.

CFD Calculation Results

Suction mass flow rate of low-pressure stage (kg/s) 4.04

Suction mass flow rate of high-pressure stage (kg/s) 4.63

Vapor injection mass flow rate (kg/s) 0.50

Power consumption of low-pressure stage (kW) 48.13

Power consumption of high-pressure stage (kW) 58.14
Maximum speed of refrigerant at meshing clearance of low-pressure stage (m/s) 185.73
Maximum speed of refrigerant at meshing clearance of high-pressure stage (m/s) 164.01
Maximum speed of refrigerant at teeth tip of low-pressure stage (m/s) 53.04
Maximum speed of refrigerant at teeth tip of high-pressure stage (m/s) 42.50
Maximum speed of refrigerant at suction end face of low-pressure stage (m/s) 43.02
Maximum speed of refrigerant at suction end face of high-pressure stage (m/s) 36.03
Maximum speed of refrigerant at discharge end face of low-pressure stage (m/s) 85.04
Maximum speed of refrigerant at discharge end face of high-pressure stage (m/s) 75.02

According to the pressure-time curve of the low-pressure stage compression process,
it can be seen that the pressure of the refrigerant rises steadily in the inter-tooth volume,
and there is over compression under this working condition. The pressure-time curve
of the compression process of the high-pressure stage shows that the pressure-rise of the
refrigerant in the inter-tooth volume is stable, and the internal and external pressure ratio
is basically balanced under this working condition.

From the above CFD calculation results, it can be seen that the volumetric flow rate
and power consumption of this newly designed two-stage screw refrigeration compressor
can meet the design requirements. These calculation results verify the correctness of the
design and the feasibility of the method.
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4. Experimental Setup and Tests

According to the model establishment and design calculation results in Sections 2
and 3, a prototype of the compressor has been fabricated. Figure 10 is the appearance of
the newly designed two-stage screw refrigeration compressor. Then, the performance tests
of the compressor and the chiller were carried out.

Y

\
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chamber

\ A
High-péssure
stage

Figure 10. Photo of the newly designed two-stage refrigeration compressor.

4.1. Test Rig

The refrigerant compressor test system was designed and constructed, as shown in Fig-
ure 11, which can achieve an adjustment of the working conditions and oil injection quantity
of the refrigeration screw compressor, and it can complete the measurement of macroscopic
physical quantities, such as compressor power, cooling capacity, suction and discharge
pressure, suction and discharge temperature, refrigerant flowrate, etc. Figure 12a,b show
photos of the test system. The vibration transducers and pressure transducers can be seen
in Figure 12a. In Figure 12b, from left to right, the discharge pipe, vapor injection pipe, and
suction pipe are shown.
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Figure 11. The schematic diagram of refrigerant compressor test system.
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Figure 12. Photos of refrigerant compressor test system: (a) the front view; (b) the back view.

The refrigerant circulation process of this test system is as follows: the compressor
discharge enters the oil separator first and is then divided into two paths. One path
enters the condenser for heat exchange and condensation with the cooling water. The
condensed refrigerant liquid is throttled and depressurized by the liquid valve after passing
through the accumulator and sub-cooler. It is then mixed with the other path of the high-
temperature refrigerant gas depressurized by the gas valve, and then it enters the mixer for
heat exchange. The low-pressure and low-temperature refrigerant vapor produced enters
the refrigeration compressor for compression. In addition to the refrigerant circulation,
this test system also includes cooling water circulation and oil circulation. The cooling
water circulation is as follows: The low-temperature cooling water enters the condenser
to absorb heat and liquefy the refrigerant. After its temperature rises, the water flows out
of the condenser and enters the cooling tower to exchange heat with the air for cooling.
The low-temperature cooling water is pumped into the condenser by the cooling water
pump. The oil circulation is as follows: The oil separated from the oil separator is cooled by
the oil-cooling plate heat exchanger and the oil cooling unit. Then, the oil’s temperature is
adjusted by the electric heater. In the suction pipe, the oil mix with the gaseous refrigerant
and enters into the compressor for compression. Finally, the oil is separated from the
refrigerant in the oil separator.

4.2. Performance Evaluation of Compressor and Chiller

To evaluate the performance of this newly designed refrigeration compressor, perfor-
mance parameters including adiabatic efficiency and volumetric efficiency to be calculated
from (5) and (6), respectively, were tested according to GB/T 5773-2016 [39], under the
condition of the vapor injection being off.

To evaluate the performance of the newly developed two-stage compression screw chiller
and analyze the influence of vapor injection, a performance comparison test was conducted
under the condition of on/off vapor injection according to GB/T 18430.1-2007 [40]. The outlet
water temperature was 7 °C. Under different motor rotation speeds, the data of the input
power and the cooling capacity were measured, and the COP was calculated.

To evaluate the part load performance of the chiller under the nominal cooling capacity
of 703.14 kW (200 RT), the input power and cooling capacity were measured under the part
load conditions of 100%, 75%, 50%, and 25%, and the corresponding COPs were calculated.
Then, the IPLV (integrated part load value) can be calculated from the measured data by:

IPLV = 2.3% x A+415 x B+46.1 x C+10.1% x D )

where A, B, C, and D are the COPs at a 100%-, 75%-, 50%-, and 25%-part load, respectively.
In addition, the system performance under the conditions of 25% solenoid valve on
and 100% solenoid valve on were tested for a 75%- and 50%-part load, respectively.
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4.3. Results of Compressor Performance Evaluation

Figure 13 shows the results of the compressor performance evaluation. The results
showed that the volumetric efficiency of the two stages of the screw refrigeration compres-
sor is generally higher than 96%, and the highest is 99%. The adiabatic efficiency of the
whole machine increases first and then decreases with the increase in the rotational speed,
up to 80%.

100
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Figure 13. Effect of rotational speed on volumetric efficiency and adiabatic efficiency.

4.4. Results of Vapor Injection Influence Evaluation

Figure 14 shows the performance test results of the chiller under the condition of
on/off vapor injection. It can be seen from the data in this bar chart that when the rotation
speed of the male rotor is 1800 rpm, 2400 rpm, and 2800 rpm, the cooling capacity of the
chiller with the vapor injection on is 454.19 kW (129 RT), 606.37 kW (172 RT) and 703.14 kW
(200 RT), respectively, and the COP reaches 7.17, 7.01, and 6.74 respectively. Compared
with the existing medium-capacity screw chiller, this COPs are far higher. Comparing
Figure 13, it can also be concluded that when the actual adiabatic efficiency of the screw
refrigeration compressor reaches more than 78%, a COP > 7.0 can be achieved, which is
lower than the theoretical calculation value (81%). In addition, comparing the changes of
the system performance with the vapor injection on or off, it can be seen that the COP of
this chiller generally increases by more than 8% with the vapor injection on, mainly because
the two-stage compression and interstage vapor injection technology greatly improve the
system cooling capacity, with an increased ratio of more than 11%. Meanwhile, the power
consumption of the compressor increases less than 3%, which proves the feasibility and
efficiency of adopting the two-stage compression and interstage vapor injection technology
in water-cooled screw chillers.

The experimental or calculated results of vapor injection efficiency improvement in
the literature review in the Introduction vary from 4.4% to 32%, depending on the working
conditions. The experimental results in this paper show that the improvement range is
8.31-9.77%. Therefore, the results can be considered reasonable.
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Figure 14. Performance test results of the chiller under the conditions of on/off vapor injection:
(a) rotational speed of 1800 rpm; (b) rotational speed of 2400 rpm; (c) rotational speed of 2800 rpm.

4.5. Results of Part Load Performance Evaluation

Table 4 shows the part load performance test results of the chiller. The COP under a
part load is much higher than that under a 100% load, and the lower the load, the greater
the COP.

In addition, the system performance under the conditions of 25% solenoid valve on
and 100% solenoid valve on were tested for a 75%- and 50%-part load, respectively. It
can be seen from the data in Table 4 that the 25% solenoid valve should be opened under
a 75%-part load. At this time, the internal volume ratio of the high-pressure stage is 1.5,
and the COP is 2.42% higher than that when the opening of the solenoid valve is 100%.
For a 50%-part load, 100% solenoid valve should be opened. At this time, the internal
volume ratio of the high-pressure stage is 1.05, and the COP is 7.36% higher than that
when the opening of solenoid valve is 25%. The COP of the chiller reaches 6.74 under a
100% load, which is 12.33% higher than the first-class energy efficiency limit of 6.0 in the
Chinese national standard [40]. When the COPs of 75%- and 50%-part loads both take the
higher value, the IPLV reaches 10.04, which is 33.86% higher than the first-class energy
efficiency limit of 7.5 in the Chinese national standard [41]. This shows that the newly
developed two-stage compression screw water chiller has an excellent full load and part
load performance.
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Table 4. Part load performance test results of the chiller.

Part-Load Ratio

100 75 50 25
Test Results
Opening of Solenoid Valve (%)
25 25 100 25 100 100
Internal volumerratio of - 5 15 105 15 105 105
high-pressure stage
Cooling capacity (kW) 703.14 536.89 535.51 364.57 356.68 209.97
Cooling capacity (RT) 200 153 152 104 101 60
Input power (kW) 104.33 63.36 64.72 36.26 33.05 15.25
COP (-) 6.74 8.47 8.27 10.06 10.80 13.77
Actual part load ratio (%) 100 76 76 52 51 30
COP lifting ratio (%) 242 7.36
Integrated part-load 10.04

value (IPLV) (-)

5. Conclusions

The combination use of two-stage compression and vapor injection technologies intro-

duces a huge potential for further improvements in the performance of small- and medium-
sized screw chillers. A 200 RT ultra-high energy efficiency water-cooled screw chiller was
developed by adopting these two techniques and achieved the goal of COP > 6.5, which has
a far higher performance than the existing medium-capacity chillers. The following main
conclusions can be drawn:

Modeling and calculation were carried out for the refrigeration cycle with two-stage
compression with interstage vapor injection. Calculation results showed that the
indicated adiabatic efficiency of the compressor should reach 87% and 81%, and the
corresponding adiabatic efficiency should reach 81% and 75.5% to achieve COP goals
of 6.5 and 7.0, respectively.

According to the high-efficiency requirements of the chiller, a two-stage screw refrig-
eration compressor with interstage vapor injection was developed. Then, a 200RT
water-cooled screw chiller was developed. The compressor adopts profiles that can
completely realize the sealing of the “curved surface” between rotors, help to form a
hydrodynamic lubricating oil film, reduce the transverse leakage through the contact
line, and improve the efficiency of the compressor. The compressor is arranged in se-
ries with a motor, a low-pressure stage, an intermediate chamber, and a high-pressure
stage. The initial design parameters were verified and modified using rotor dynamics
calculation and a CFD simulation. The rotor dynamics results showed that the struc-
ture of both the male and female rotor shafts is stable. The CFD simulation results
showed that the newly designed compressor can meet the design requirements.

A test rig was established to evaluate the performance of this type of compressor
and chiller. Through the performance test of this chiller, it was found that both the
two-stage compression technology and the interstage vapor injection technology can
effectively improve the performance of the water-cooled screw chiller. Compared with
not opening the interstage vapor injection, the cooling capacity and the COP increased
by more than 11% and 8%, respectively. The maximum performance improvement
occurred at 2800 rpm: the cooling capacity and the COP increased by 13.12% and
9.77%, respectively. The maximum volumetric efficiency and adiabatic efficiency of
the compressor reached 99% and 80%, respectively. The maximum COP of this chiller
reached 7.17. Under the nominal working conditions of a cooling capacity of 200 RT
and an outlet water temperature of 7 °C, the COP and IPLV were 6.74 and 10.04,
respectively, which are 12.33% and 33.86% higher than the first-level energy efficiency
limit of the Chinese national standard, respectively.
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