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Abstract: Based on the single-screw compressor (SSC) structure, a new type of composite slide valve
(CSV) has been proposed and designed, featuring internal volume ratios of 2.8, 3.9, and 5.6 and
operating under a partial load of 35%. The theoretical model describing the dynamic features and
thermodynamic performance of the SSC with CSV has also been built. The pressure ratio of the
experimental system can be adjusted from 3.3 to 7.8, and the experimental results demonstrate the
CSV’s effective performance. The deviations between the calculated and measured results for volume
ratio and input power are 3.33-9.08% and 0.32-8.03%, and the deviations for heating capacity and
adiabatic efficiency range from 0.92-8.73% to 2.09-9.67%, respectively. The introduction of the CSV
offers a novel approach to enhancing SSC efficiency. Both the theoretical and experimental findings
lay a foundation for future optimization and design improvements in variable load and internal
volumetric ratio single-screw compressors.

Keywords: single-screw compressor; composite slide valve; capacity control; internal volumetric
ratio control

1. Introduction

As humanity progresses, the demand for energy in human society continues to in-
crease, and countries around the world are also committed to the research, development,
and utilization of clean energy [1,2]. The air source heat pump (ASHP), which has been
extensively used in many fields, such as industrial, commercial, and residential heating,
is a type of energy-saving air conditioning device. However, poor performance at low
environmental temperatures and the drastic change in working conditions caused by the
changes in ambient temperature have become a primary limitation for further application
in cold regions [3,4]. The compressor serves as the powerhouse for the ASHP, with the
crucial concern being whether the compressor’s design can satisfy the operational demands
of the ASHP. Consider the conventional ASHP system that utilizes R22 refrigerant; the
compressor’s pressure ratio is subject to fluctuations within a 4 to 12 range. Given the
direct correlation between the pressure ratio and the inherent volume ratio, designing the
latter at a fixed value may result in energy inefficiencies when the actual pressure ratio
falls below or exceeds the optimum range. Such discrepancies can lead to a decline in the
ASHP’s overall performance.

At present, the single-screw compressor (SSC), initially developed by Zimmern and
Patel in the 1960s [5], has established itself as a pivotal technology across multiple domains,
including heat pump systems [6], natural gas liquefaction [7], refrigeration industries [8,9],
and the field of air compression, owing to its numerous distinct advantages, including
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a well-balanced stress distribution, uncomplicated design, minimal vibration, extended
bearing life, and reduced noise levels [10,11]. Gate rotors can be manufactured from various
materials [12]. In recent years, significant progress has been made in the research of com-
posite materials [13]. The introduction of these materials, such as for the fabrication of gate
rotors and piston actuators, can improve the SSC by reducing weight, minimizing friction,
and enhancing durability, thereby boosting overall compressor performance. Typically,
SSCs are engineered to meet the peak heating capacity demands of the ASHP. However,
operating the SSC under varying partial load conditions, triggered by changes in environ-
mental factors, can lead to energy inefficiency. Therefore, it is crucial to regulate both the
heating capacity and pressure ratio of the SSC to adapt to diverse operational conditions,
thereby enhancing its efficiency. The prevalent methods for optimizing SSC performance
include frequency conversion regulation and slide valve control, with the latter being the
most commonly implemented in SSCs [14]. The ability of the SSC to adjust its capacity
and pressure ratio is largely contingent on the design and management of the slide valve.
Implementing an appropriate control mechanism that can fine-tune the heating capacity
and pressure ratio of the SSC is essential. Such an advancement would significantly bolster
the performance of SSCs and further refine the efficiency of ASHP systems.

The focus of pressure ratio control lies in utilizing the compressor’s internal volume
ratio control mechanism to regulate its internal pressure ratio. The operational characteris-
tics of compressors equipped with this volume ratio control device, particularly in their
application within water source heat pump systems, have been extensively researched [15].
These studies indicate a significant enhancement in the performance of heat pump systems.
However, for the ASHP, public reports on compressors with integrated volume ratio devices
are sparse, and these compressors exhibit markedly different operating conditions when
compared to those in water source heat pump systems. The single-slide valve control device
was first proposed by Zimmern et al. in 1983 [16], and then the structures were improved
in 2000 [17]. Following this, Zhou et al. investigated the capacity adjustment mechanisms
of the slide valve and the performance of compressors utilizing this single-control slide
valve device [18]. Wang et al. [19] presented a mathematical calculation method to study
the capacity control mechanism of single-slide valve. Variable frequency technology can
regulate compressor capacity by altering the compressor’s rotational speed. Guo et al. [20]
studied the industrial application of variable frequency drives in hydrogen fuel cell air com-
pressors. Masuda et al. [21] used a slide valve control system to adjust compressor capacity
by changing the speed of a single-screw compressor. Single- and twin-screw compressors
have similar structures, and traditional slide valve control systems are also widely used in
twin-screw compressors and their systems. Feng et al. [22] proposed an energy-efficient
optimization method to directly adjust the slide valve position of the high-temperature
screw compressor in a cascade refrigeration system, achieving optimal intermediate temper-
ature control on-site. Sun et al. [23] tested the thermodynamic performance of twin-screw
refrigeration compressors using both slide valve and variable speed control systems. The
application of slide valve control systems in screw compressors holds promising prospects.

Due to the constraints of the geometric construction, the built-in volumetric ratio
of the compressor cannot be adjusted using the capacity-adjusting valve. The variable
frequency drive can adjust the capacity but cannot control the built-in volume ratio. In
order to achieve built-in volumetric ratio and capacity regulation simultaneously, Zhou
et al. [24] designed a kind of fission valve used in SSC. However, its complex structure has
prevented its practical application to date. Wu et al. [25] designed a compound slide valve
structure, but it is only an ideal model and has not undergone experimental study. In 2007, a
double-slide valve (DSV) control device that can achieve internal volume ratio and capacity
control was proposed by VILTER [26]. Subsequently, Wang et al. [27] conducted a study
on the operating processes of the DSV control mechanism. The study demonstrated its
capability to minimize energy loss. However, the double-slide valve’s structure consumes
a significant portion of the compressor’s space, and its driving system is complex. For the
large-sized compressor, it may have advantages where space is not a concern. But, when
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the diameter of the screw decreases to a certain value (such as less than 147 mm), the DSV
system will be difficult to apply in practice. In addition, the instability and the leakage of
the compressor with the DSV may increase because of the higher number of parts compared
with the single-slide valve. To enable future development in the application of the small-
and medium-sized SSCs, a more effective structure needs to be designed to improve the
performance of the ASHP.

In this study, a novel composite slide valve (CSV) control mechanism is proposed to
adjust both the internal volumetric ratio and capacity of the SSC. The geometric analysis
model of the CSV was established alongside a comprehensive theoretical model that
accounts for both leakage and built-in compression. Furthermore, we explore the dynamic
features and thermodynamic efficiency of systems using the CSV, specifically focusing on
its impact on compressor and heat pump system performance. The results indicate that
the CSV structure can effectively regulate the performance of the SSC, and the results can
provide a useful reference for improving the performance of single-screw compressors
for ASHPs.

2. Theoretical Calculation Model
2.1. Geometry of the CSV and Its Working Mechanism

As shown in Figure 1, the primary structure of a single-screw compressor consists
of a screw and two symmetrically arranged gate rotors. The control volume in Figure 1,
which is the working chamber of the SSC, consists of six screw grooves. It forms a sealed
compression chamber through the interaction of the screw, gate rotor, and external casing.
As the screw and gate rotor rotate in tandem, the control volume gradually changes,
enabling the four processes of suction, sealing, compression, and exhaust [28].

Control volume

Gate rotor

Screw rotor

(a) Suction (b) Sealing  (c) Compression (d) Exhaust

Figure 1. The single-screw compressor structure and working principle.

The CSV control structure designed by our team is illustrated in Figure 2. The CSV
system has been ingeniously engineered to include two slide blocks (slide block 1 and
slide block 2) to facilitate adjustable capacity and built-in volume ratio control using a
singular slide valve. Slide block 2 is equipped with a stop pin on its surface, which can be
anchored into a corresponding location hole in the shell to set its moving distance. When
slide block 2 is secured at position 1, slide block 1 is mechanically coupled with it by a
device such as the illustrated spring in Figure 2a, functioning as an internal volumetric
ratio control slide valve. Here, the two blocks operate in unison as a single entity, propelled
axially by a driving device. This arrangement seals off any bypass port, situating the SSC
in a full-load condition with maximum discharge area and the internal volumetric ratio at
its minimum.
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Figure 2. Working mechanism of the CSV. (a) Full-load condition; (b) Part-load condition.

Conversely, Figure 2b depicts slide block 2 stationed at position 2 within the shell,
where the CSV operates as a capacity control slide valve. In this mode, slide block 1 and
slide block 2 decouple, allowing only slide block 1 to traverse axially via the driving device.
Meanwhile, slide block 2 remains static at the preset location of position 2. Consequently,
the gas from the working chamber is redirected back to the low-pressure side through
the now-accessible bypass port created between the two blocks. This setup reduces the
compressor’s operational load, with the discharge area attaining the designed minimum.
The design of this structure is of great significance for the application and development of
medium- and small-sized SSCs.

2.2. Working Process Model of the CSV

As shown in Figure 3, we employ three solenoid valves integrated into the compres-
sor’s shell to manipulate the CSV. These valves are orchestrated by a Programmable Logic
Controller (PLC), which sends switching signals to direct the CSV to the required position
via piston movement, thereby modulating both the compressor’s load and internal volu-
metric ratio. Slide block 2 is actuated by a spring attached to the shell. The solenoid valves,
labeled MV1, MV2, and MV3, connect to distinct ports in the piston. The movement of the
piston is a result of the interplay between the working fluid’s differential pressure and the
spring force connected to the piston. When all the magnetic valves are closed, the pressure
at both ends of the piston will tend to balance due to leakage.

/m By-pass port Spring
[ p|
pischarze YN | | ==L

Slide block 2

Slide valve

"< Slide block 1
NG

J N I

!

L~ Piston

==, Low pressure

7z, X{ Z AL A T

High pressure

MV3 Screw rotor

rrélr;l%1 Mv3 |
AI,_EQ Mvs |

Figure 3. The structure of the CSV control mechanism.
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Owing to the differential pressure at both ends of the CSV, it will move toward the
low-pressure end, and the discharge area reaches the maximum. At this point, the SSC
operates at full-load condition, and the internal volumetric ratio of the SSC is 2.8. When
MV3 is opened, the gas in the piston flows into the low-pressure end through MV3, causing
the piston to move toward the high-pressure end, thereby driving the CSV because the
piston’s force area is larger than that of the CSV. In this state, the SSC remains at full-load
condition, and the internal volume ratio increases to 3.9. Similarly, when MV3 is closed
and MV2 is opened, the piston shifts to the location where the port is connected to MV2,
causing the CSV to move further toward the high-pressure end. The compressor maintains
full-load condition with an internal volumetric ratio of 5.6. When MV3 and MV?2 are closed
and MV1 is opened, the piston moves to the port connected to MV1. At this juncture, the
bypass port between slide block 1 and block 2 opens, and the compressor operates at 35%
part load. The operating conditions for the CSV are delineated in Table 1, which shows
that the SSC equipped with the CSV can be extensively employed in refrigeration and heat
pump applications. The adoption of the CSV design provides a viable technical solution
for optimizing SSC performance in the air conditioning sector.

Table 1. Designed application conditions of the CSV.

Magnetic Valve Internal Volumetric

Status Ratio Load Application
All closed 2.8 Full load Refrigeration
Only MV3 opened 3.9 Full load Heat pump
Only MV2 opened 5.6 Full load Low-temperature heat pump
Only MV2 opened 2.77 35% load Start and refrigeration

2.3. Geometric Model of the CSV

In order to study the operation characters of the SSC with the CSV, We need to establish
a comprehensive geometric model of the CSV control structure. In the CSV system, the
compressor operates under part load when the bypass port is opened. As shown in Figure 2,
the bypass port is formed by the shell, slide block 1, and slide block 2. The area of the
discharge port, which is formed by slide block 1 and shell, will be changed due to the
movement of the CSV. In order to facilitate geometric analysis, the calculation model of one
groove of the screw rotor shown in Figure 4 was established.

Slide block 2
\/ I S

S
LN N

*o |l

Discharge port

3
y:

By-pass po

Figure 4. Geometrical model of the CSV.
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The curves VL and VR represent the left helical groove and the right helical groove,
respectively. Point N, which is on the groove profile, is the start location where the
refrigerant in the compression chamber begins to be compressed. When the CSV is located
in different positions, the internal volumetric ratio and capacity will be changed. In Figure 4,
Ay represents the axial distance between slide blocks 1 and 2, while dy denotes the axial
distance from point 1 to point N. When the SSC runs under part-load condition and the
VL crosses point 2, the bypass port will be opened to control the capacity. Then, the
refrigerant in the compression chamber will flow back to the suction tube. The back flow
will stop until the VR crosses point 1. At this point, the bypass port is closed. When
the curve of VL crosses point 3, the discharge port will open until the discharge process
is over. As shown in Figure 4, when slide block 1 and slide block 2 are tightly fitted
together, the compressor operates at 100% capacity. In this configuration, the CSV serves
as a volume ratio adjustment slide valve, with the volume ratio value determined by the
y-axis coordinate of point 3. This value is related to the length of slide block 1. The volume
ratio range designed in this study is from 1 to 8.2. When slide block 1 and slide block 2 are
separated, the bypass port opens, and the CSV functions as a capacity adjustment slide
valve. The minimum capacity is determined by the y-axis coordinate of point 1’ in Figure 4,
with the minimum capacity designed to be 25%. The actual operating load, as shown in
Table 1, needs to be determined in conjunction with piston adjustment.

In order to obtain the effective discharge and bypass area, the equation of profile VL,
VR, and the boundary curves surrounding the bypass port should be set up. The equation
of VL can be obtained according to the literature [19]:

Yu1(0) = atan + ﬁ

foL: sw1(0) = dii1n (0 + &) 555 1)
- <0 < ay
&y = Arc Cos % — arcsin%

The equation of VR is as follows [19]:
Yuw2(0) = atanf — ﬁ

. SZUZ(G) = d1i12(9 + “”)%
fVR- —a" <0< a (2)

®,1 = arc cos % + arcsin%

where (w1, Sw1) stands for the coordinate point of the curve VL, and (2, Sw2) stands for
the coordinate point of the curve VR. As shown in Figure 5, a is the distance between the
screw rotor and gate rotor, b is the tooth width of the gate rotor, 6 is the gate rotor angle, i1
is the transmission ratio, which is 11/6, «” is the closed angle of the working chamber, and
dy and d; are the diameter of the screw and gate rotor, respectively.

d;

¢ “'/ ' d}
| I |/ ~ Gaterotor i Y

0
Figure 5. The basic geometry of the meshing pair.
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The formulation for the boundary curves of the bypass port is as follows:
ylzl (S1<S<Sz)
y2=1+Ay (s <s <sy) 3)
51 = 50 (Y <y <w)
sp =59 +d1B/2 (yzl <y<y2)

where [ is the distance of the axial motion of slide block 2, S is the distance of the radial
spread of the CSV, which is 17.77 mm, and f is the radian of the CSV.

The intersection point coordinate of profile VL and the boundary equations of the
bypass port are as follows:

0, : Y1 (0 )—atan9+2C039 vy =1 n
(#1(8). 1) { sw1(0) = d1i12(0 + a") 555 @

6) = atanf + ybp =y = I+ Ay
$2(0),y2) : Yan ' ) i
(52(0),v2) { sw1(0) = diin (0 + ") 75 B

Yor (0) = atan6 + y Lt
. ‘ (6)
( 2 yZ( )) { Swl(g) _ d1112(6+a”)f7r0 =5y =5p+ 1ﬁ

ywl( )_atane_'_Zcose 7
(131 (8)): { sw1(0) = dqi1a (0 +a”) 5% = 51 = sp @)

The intersection point coordinate of profile VR and the boundary equations of the
bypass port are as follows:

[ vial0) = atand — 5oy =y =1
(53(0)/]/1) . { 5w2( ) = d1112(9 +0;/0)S% (8)

. yw2(9) =atanf — 2cos€ == Z+Ay
(54(0),y2) : { sw2(0) = duina (0 + ") 355 "

_ b
(0) = atanb — 52 d1/3 (10)
sw2(0) = dyina(0 +a”) 555 = 52 =50 +

yW2( ) =atanf — ZCZSG
(51:35(0)) { sw2(0) = d1i12(0 +a") 555 = 51 = 50 ()
As shown in Figure 4, the profiles VL and VR will sequentially intersect with the
bypass port’s boundary points. The critical angles are determined at the point where
profiles VL and VR intersect with the bypass port’s boundary points. These angles are
presented in Table 2 and represent the gate rotor angles. Figure 4 illustrates that the effective
bypass port constitutes a closed area, delineated by both the groove profile and the bypass
port’s boundary curves. Therefore, the calculation of the effective bypass area can be
efficiently executed using Green’s theorem.

Table 2. The geometric angles.

Critical Angles Location Critical Angles Location
01a VL-2 0y VR-2/
O1p VL-1 024 VR-1/
0. VL-2/ 034 VL-3
014 VL-1/ 031, VL-3/
624 VR-2 03¢ VR-3

Oap VR-1 034 VR-3/
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The anomalistic area formed by the curve VL and the bypass port can be calculated by
the following equations:

0 (9 < Gla)
% § yds — sdy (61a<6 < O1pn)
JvL+5s, (0)-2FY2-y,(0)
1 yds — sdy (015n<0 < O1em)
JvLt5s; (8)—2FY2—o TS0 _s2(9)
A1 (6, Ay) = 1 12
L(6,49) 3 $ yds —sdy (B16n<6 < O1cm) (12)
ALYy, 0 -1ts1-21Y2 o
: ¢ yds —sdy  (B1em<6 < 014)
FLtyyi(e)-1+51-21Y5 o150, 9)
d1BAy/2 (0>014)

Similarly, the anomalistic area formed by the curve VR and the bypass port can be
obtained as follows:

0 (9 < 92a)
! § yds — sdy (02a<0 < Oapn)
SRFSs3(0)—2FY2-ya(6)
%f ¢ yds — sdy (02pn<0 < Oaem)
VRT5s3(6)—2 T Y22/ HYo/ s, (p)
AR(6,Ay) = ‘ 13
r (6, AY) : ¢ yds — sdy (02pn<8 < Ozerm) (13)
FVRFY () -1F51-2F Yo
% $ yds —sdy  (Oaem<6 < 0pq)
SRHYys(0)-1F51-2F0 o1 55149
d1BAy/2 (6>02q)

In the equations, 01y, = min(f1p, 01¢), 01ecm = Mmax(B1p, O1c), Oopn = Min(Byy, O2c), and
02cm = max(8yp, 02c). Leveraging the geometric attributes of the CSV, the effective bypass
area A(f, Ay) for varying gate rotor angles is derived by computing the difference between
AL and AR.

The area A(6,, Ay) can be expressed by the following equations:

0 (60 < 610)
A(62, Ay) = { AL(0,Ay) — AR(6,8y) (612 < 6 < 02) (14)
0 (6>024)

Obviously, the internal volumetric ratio and the efficiency of the discharge process
are influenced by both the size of the discharge area and the discharge port position. The
calculation method for the discharge area is the same as the method for the bypass area.

The discharge area A4(62, Ay) can be obtained by the following equations:

0 (9 S 6361)
Aq(02,Ay) = { Agr(0,Ay) — Agr(8,8y) (630 < 0 < 039) (15)
0 (0>034)

where the area A4 (8, Ay) is bounded by VL and the discharge port, and the area A4r(0,
Ay) is bounded by VR and the discharge port.

According to the equations above, the flow areas of the bypass and discharge ports
under 35% load and variable internal volumetric ratios are depicted in Figure 6. Figure 6a
shows that the bypass areas first increase and then decrease until the bypass port closes,
at which point the working fluids start to be compressed. Figure 6b illustrates how the
discharge areas are highly sensitive to the internal volumetric ratio. Under full-load
operating conditions, the discharge area is inversely proportional to the internal volumetric
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ratio. For the testing SSC, the area of the discharge port reaches its smallest value under
partial loading (35% load).

300 T T T T : 900 T T T T
—a— 35% load 800 | Built-in volume ratio —a—2.8, Full load
250 addaay 8 1 ——23.9. Full load
A kY 700 e 5.6, Full load
—~ 4 A —~ —#—2.77, Load 35%
€ 200t / \ . € 600 - -
£ \ S
< / \ < 500 - -
g 150} \ ] 8
© / Y S 400 ]
8 / \ &
o L 4 S 300 F g
g / \ g
i \ a 200} ]
or £ \ | 100 F -
a A
ol «* N of i}
1 1 1 1 1 _100 1 1 1 1
08 -06 -04 02 00 02 04 0.2 04 0.6 0.8 1.0 12

Gate rotor angle (rad) Gate rotor angle (rad)

(a) (b)
Figure 6. The flow areas of the CSV change with the gate rotor angle. (a) Bypass area; (b) Discharge area.

2.4. Theoretical Equations

The working process of the compressor is influenced by many factors, including geo-
metric structure, leakage, friction, heat transfer, and operating conditions. For convenience
of analysis, this paper establishes the following reasonable simplified conditions:

1.  Within the working chamber, the temperature and pressure of the working fluid
maintain uniformity, whereas the state parameters of the refrigerant gas undergo
periodic changes;

2. Within the defined control volume, the gas—oil mixture exhibits uniform properties,
with the lubricating oil treated as an incompressible fluid;

3. During the discharge process, the pressure loss can be neglected, and the impact
exerted by the refrigerants” body forces is also negligible.

As shown in Figure 7, a single-screw groove is chosen as the control volume to
streamline the analysis process. Based on the mass balance equation, the mass change
equation of refrigerants is as follows:

dm dm; dm,
S W W) 1
S S B e
For the control volume, the energy conservation equation is obtained as follows:
dEcy
dé, d91 Z

Assuming the potential and kinetic energies are negligible, the following equation
is found:

dmy; dm 1 d
1 c1 + gzi) Z 0 co + 920) — d—QQl (17)

d(mu)cy dm1 dm0 dQ

do, d91 L dg, " “L do, " dey

where 11 denotes the mass flow rate within the control volume, 6, represents the rotation
angle of the screw, r1; signifies the combined suction and inflow rate of leakage for the
working fluid, 71, encapsulates both the discharge and outflow rate of leakage for the
working medium, dQ represents the heat transfer capacity, dW is the compression work,
and u and h, respectively, denote the internal energy and enthalpy of the working medium.

(18)
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dmout
Discharge Leakage out
P 1 Control volume
Pd Td | —
P
dmin dW
Leakage in V p —
4 /& .
Suction
Ps Ts
dQ

O

O

O

Figure 7. The control volume.

Drawing on fundamental thermodynamic principles, the state variables of the working
mediums, such as temperature, pressure, and specific volume, are delineated as per the
guidelines in reference [29]:

oh (9h/0T),(dp/9v) driyy d
dp _ %[(%)T_ @/T) UT}%_HZ 5, (hi_m_d%] (19)
de, — 1 _ (@m/a1),
0(@p/aT),
S8 — ()| & — [T i —h) — G
dT  |v\ow/T v/T|df;, — Ve dg, \' de; (20)
d0. ]
dfy (ag)v B %(%)v
do dV _dﬂl 1)

dé; ~ mde,  déy ;2

where P denotes the pressure within the volumetric element, V. is identified as the maxi-
mum volume of a single groove, T represents the temperature of the volumetric element, v
stands for the specific volume, and V refers to the volume of the element.

2.5. Leakage Model

Figure 8 shows that there are nine leakage paths in SSC. Further details on the geo-
metric relationships of these nine leakage paths are elaborated in our prior research [30]
on a single-screw expander, revealing that they share identical leakage paths. In the SSC,
lubricating oil is pivotal to the compressor’s performance efficiency. Therefore, it is essential
to model the working fluid’s flow as a biphasic gas—oil mixture.
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Screw rotor

Gate rotor

Figure 8. Leakage paths of the SSC.
The leakage quality of the working is shown as follows:

dring 2
- = Claigl Sapgg

(22)
Z)g = 1/2(hhp — hlp)

The void fraction a and slip factor f is given by the following:

f=04+06\/pi/pg+04(1/p—1)/T+04(1/p—1) )
_ 1

TG T
where C; denotes the flow coefficient, established at 0.65 based on findings from refer-
ences [31,32]. S, denotes the leakage path area, vg represents the gas velocity, pg is the gas
density, p; is the oil density, B represents the proportion of gas within the mixture, and hy,,
and hy, represent the enthalpy at the high-pressure and low-pressure ends, respectively, as
they relate to the leakage paths. f is the slip factor.

2.6. Model for Calculating the Bypass and Discharge Flow Processes

Based on the geometric model of the CSV described in Sections 2.1 and 2.2, the areas of
the bypass and discharge ports were determined. Consequently, this enables the definition
of the working fluid’s flow pattern through the discharge and bypass ports. Thus, the
bypass and discharge processes can be considered as a form of leakage. The mass flow
rate of the refrigerant gas through the bypass port can be calculated using the following
equation:

My = CpaA(02, Ay)pg/2(h(02) — hiow) (24)

where h(0;) represents the enthalpy of the refrigeration gas in the compression chamber,
Iow stands for enthalpy at the low-pressure end, and Cy, is the flow coefficient [33].

2.7. Numerical Calculation

According to the theoretical equations mentioned above, a mathematical model that
captures the thermodynamic operations of the SSC equipped with CSV was built. Figure 9
presents a flowchart illustrating the analysis process. Initially, the geometric parameters
of the SSC with CSV, as detailed in Table 3, should be regarded as the foundational pa-
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rameters. These parameters can then be initialized under the assumptions of no leakage
and an adiabatic compression process. The Runge-Kutta method was applied to derive
the numerical solutions for the equations and to ascertain the transient thermodynamic
state variables of the operational cycle, such as m(61), T(01), and P(f1). Once the absolute
value of §, representing the pressure differential between successive calculations, satisfies
the stipulated precision criteria, the necessary state variables of the working medium are
achieved. The information relating to refrigeration can be obtained via the source code of
the REFPROP program.

l Start I
) 1

Geometric parameters Geometric parameters
of the SSC of the CSV
Working conditions l
¥ —
No leakage CALC UA-LTION:
Adiabatic compress By-paSS arca
Discharge area

-
<

N

Initial value:
»8,), 1(6,), m(8,), V(6,)

y

R Working process:
‘ N ) Based on:
2. PAB). T(6,). m(6,). V(6,) All models

i=1
[

N

ABSI[P..,(6,)-P(0)]<¢ R-K method

Output:
P(0y), T(6,), m(6,), V(0,)

| End |

Figure 9. Flow chart of analysis procedure.

Table 3. Main structural and operational parameters.

Variables Data Variables Data
Screw diameter, dq 147 mm Gate rotor tooth width, b 21.56 mm
Gate rotor diameter, d, 147 mm Transmission ratio, i1» 11/6
Center distance, a 44.1 mm Theoretical flowing capacity, V; 168 m3/h
Rotation speed, N 2850 rpm Closed angle, o/ —28.6°
Rated power, kW 45 kW Length of slide block 1, L; 47 mm
Length of slide block 2, L, 86 mm Rad of the CSV, 6 0.563 rad
Working medium R22 Oil suniso 4 GSD

3. Experimentation Research
3.1. Testing System

To validate the feasibility of the CSV and the accuracy of the mathematical model, a
single-screw compressor equipped with the CSV system was meticulously designed and
fabricated. Following the gas cooling loop method, the testing system was established, as
depicted in Figure 10, with a schematic representation provided in Figure 11. The gas—oil
mixture exiting the SSC is channeled into the gas—oil separator, where the lubricating oil is
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isolated and then recirculated back into the SSC. Subsequently, the gas exiting the gas—oil
separator splits into two routes. The first route leads directly to the mixer, with its pressure
finely adjusted via a pressure control valve to align with the compressor’s inlet parameters.
The second route passes through the condenser and sub-cooler for cooling before being
directed into the mixer, facilitated by a mass flow meter and an electronic expansion valve.

/ Discharge pipeline w \

Vortex flowmeter Miss flowmietas

PID control module

CSV structure

K Circuit control

Figure 10. The performance experimental system of the SSC.

———
<« -|
Cooling 7~ ™\

L l tower {i l\

Date collector

Suction pipeline  Mixer

T
\

Subcooler | ’
N ’
Mass fl
@ assmowmeler @@ T
P %0

——Refrigerating fluid loop —-<='— Oil loop ——a—— Water loop

> = = ® 0

Sut-off valve Controling valve ~ Expansion valve Pressure sensor Temp. sensor

Water pumpJ

Figure 11. The testing schematic diagram.

These two streams converge in the mixer to establish the compressor’s inlet conditions,
ensuring the inlet gas is appropriately superheated. This process marks the completion of
the entire cycle. The test working parameters, including temperature, pressure, and degree
of superheat, can be automatically adjusted by the PID (Proportional, Integral, Derivative)
control module. Moreover, the experimental setup incorporates both a water circuit and a
liquid injection loop. The pressure and temperature are represented by the letters P and T,
respectively, in Figure 11.

3.2. Experimental Device and Testing Method

In Figure 11, the mass flow meter, positioned downstream of the sub-cooler, is utilized
to quantify the mass flow rate of the liquid working fluids. The gas flow rate entering
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the compressor is accurately measured using a vortex flow meter with a precision of
+1%. Pressure and temperature sensors are strategically positioned along the pipeline at
locations 1, 2, 3, and 4. The power meter assesses the input power, and Table 4 details the
measurement capabilities and accuracy of each utilized instrument.

Table 4. Precision and measurement ranges of each instrument.

Variables Type Ranges Uncertainty
Temperature sensor NTC060 —30~150 °C +0.2°C
Pressure sensor SPKC —0.1~1.5 MPa/0~4 MPa +1.6%
Mass flowmeter DMF-1-5-A 0~1500 kg/h +0.2%
Vertex flowmeter HY-VSF610 20~200 m3/h +1%
Power meter ANS8711D 20~60 kW +0.5%

The principles of mass and energy conservation in the mixer are encapsulated by the
following equations:
Mim = M3y + Mg (25)

mlmhlm = m3mh3m + m4mh4m (26)

In the equations, 711, represents the flow rate exiting the mixer, rit3y, is the flow at
the sub-cooler’s outlet, 714, denotes gas flow in the mixer’s inlet pipe, hy, specifies the
specific enthalpy at the mixer’s outlet, h3, specifies the specific enthalpy of the cooled
liquid leaving the sub-cooler, and h4y, indicates the specific enthalpy of the gas entering
the mixer.

Based on the Equations (25) and (26), The volumetric flow rate at the inlet of the SSC
can be determined as follows:

m3m (th - th)
p1(Mim — hom)

Vim = (27)
where p; is the density of the mixer outlet, and hyy, is the specific enthalpy of the compressor
exhaust. It should be noted that the SSC’s inlet volumetric flow rate can also be gauged
using a vortex flow meter. Therefore, to guarantee the precision of the experimental
outcomes, the absolute disparity between the measured value V. and the computed value
V1m must remain within a specified margin (+5%).

The equation for calculating the cooling capacity is shown below:

{ Qc = mlm(hlm - hfZ)

28
Mim = VimpP1 @8

In the equation, kg, represents the specific enthalpy of the liquid refrigerant at the
saturation temperature corresponding to the discharge pressure.

4. Results and Discussion
4.1. Thermodynamic Performance of Working Process

The operating performance of the SSC with CSV at different operating conditions
is depicted in the P-V chart, which offers valuable insights for designing CSV systems.
Based on the mathematical calculation models, the P-V charts of the SSC are illustrated
in Figure 12. The variable t., ranging from —25 °C to 5 °C, represents the evaporating
temperature, while the ratio P4/P; signifies the pressure ratio during operation, with
P; denoting the evaporating pressure and P4 the condensing pressure. The condensing
temperature is established at 40 °C, accompanied by a superheat temperature of 10 °C.
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Figure 12. Calculated values of P-V across varied pressure ratios and volume ratios. (a) V; =2.8,
Pz =3.41;(b) V;=3.9, Pz =5.05; (c) V; =5.6, P =7.77; (d) V; = 2.77, P¢ = 3.36.

V. signifies the control volume of the compression chamber, whereas Vax represents
the maximum value of the control volume. V; is the internal volume ratio of the SSC, and P
is the pressure ratio that corresponds to each value of the V;. The importance of adjusting
the internal volume ratio is evident from Figure 12. When the CSV serves as an internal
volume ratio control slide valve, the internal volume ratio can be adjusted according to the
demands of the actual working conditions. This adjustment guarantees a harmonization
between the internal and external pressure ratios of the SSC.

Should the internal pressure ratio of the SSC, P, which depends on V;, exceed the
external pressure ratio, pq/p;, as dictated by the condensing and evaporating pressures
(e.g., for operating conditions like fo = 5 °C in Figure 12a, —10 °C < ¢,< 5 °C in Figure 12b,
and —25 °C < t. <5 °C in Figure 12¢), then the gas within the compression chamber
will experience over-compression. Consequently, the pressure in the control volume will
exceed the discharge pressure when the discharge port opens. Given that the discharge
port opens progressively, the gas pressure will initially rise for a period before subsequently
decreasing, as illustrated in Figure 12. Should the internal pressure ratio fall below the
external pressure ratio, as in scenarios where t, varies from —25 °C to —10 °C (Figure 12a)
and from —25 °C to —20 °C (Figure 12b), gas will retroflow into the operational chamber
via the open discharge port until the pressures within the chamber and at the discharge
align. Either over-compression or under-compression will lead to decreased compressor



Energies 2024, 17, 2385

16 of 22

performance. Therefore, reasonable adjustment for the internal volume ratio at different
working conditions can reduce energy consumption and improve efficiency.

Figure 12d shows the operating conditions under a partial load of 35%. The pressure
of the gas will slightly increase, remain unchanged for some time, and then rapidly increase.
This pattern occurs because the gas in the compression chamber undergoes pre-compression
as its volume decreases. When the compression chamber opens to the bypass port, the
working medium flows back into the suction chamber through the bypass port. As the
screw angle increases, the bypass port closes, and the gas continues to be compressed
until the discharge port opens. Figure 13 presents the comparison between the internal
pressure ratio, which depends on V;, and the external pressure ratio, as dictated by ambient
conditions. In an air source heat pump system, the evaporation temperature mainly
depends on the ambient temperature. With the CSV structure, the pressure ratio can
be adjusted from 3.3 to 7.8, covering most of the working conditions, including both
refrigeration and heating. If there is a mismatch between the internal and external pressure
ratios of the SSC, compression loss will occur.

12 T T T T T T

—e—t=5°C —A—1t=0°C —v—t=5°C

10 F ——1,=-10°C —¢—1,=-15°C —»—1,=-20°C 7
—=— Built-in pressure ratio p, —*— .=-25°C
8 4

Pressure ratio

0 L L L L L L
25 30 35 40 45 50 55 6.0

Bulit-in volume ratio

Figure 13. Calculated results of internal and external pressure ratios.

The calculated results of the compression loss are depicted in Figure 14, where negative
values indicate a loss in compression power. The maximum over-compression loss can
reach up to 19.1 kW, which accounts for approximately 31.5 percent of the input power
when t. is 5 °C and V; is 5.6. We have found that the compression loss can be reduced
to 1.33 kW through the adjustment of the CSV structure. When operating under partial
load, the compressor’s bypass process also consumes energy, as depicted in Figure 15.
The bypass power loss can vary from 19.01 kW to 6.74 kW. Moreover, the proportion of
input power lost to bypass can range from 28.5% to 61.4% under the calculated conditions.
So, it is necessary to optimize the CSV structure so as to reduce the bypass power loss in
practical work.

25— T T T T T T
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—e— V=28

—a— V=39

15
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10 -
Over compression

Compression loss (kW)

—
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'
o
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Figure 14. Calculated results of the compression loss under different working conditions.
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Figure 15. Calculated results of the bypass process power loss.

The calculated and measured parameter results under different working conditions
of the SSC with CSV are shown in Figures 16-20. For a range of built-in volume ratios,
Figure 16 demonstrates that the volume efficiency decreases as the evaporating temperature
decreases. The deviations between the measured and calculated values range from a
minimum of 3.33% to a maximum of 8.98%. Under the same working conditions, the
volume efficiency is related to the compression loss of the compressor, as shown in Figure 14.
Taking te =5 °C and fe = —25 °C as examples, volume efficiency diminishes as V; increases
att. =5 °C. In contrast, at t. = —25 °C, volume efficiency rises with an increase in V;. This
phenomenon occurs because either over-compression or under-compression loss, which
leads to increased leakage, adversely affects volume efficiency.
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Figure 16. Results of theoretical and experimental values.
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Figure 17. Measured and calculated data of input power.
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Figure 18. Measured and calculated data of heating capacity.
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Figure 20. Measured and calculated data of adiabatic efficiency.

Figure 16 shows that the overall trend of measured volumetric efficiency is lower than
the calculated value. This discrepancy is primarily attributed to leakage in the SSC, where
greater leakage results in lower volumetric efficiency. As illustrated in Figure 8, there are
nine main leakage paths in the compressor. Among them, leakage lines L7 and L8 are
the primary pathways and reflect the complexity of the engagement profiles between the
screw and gate rotor. In practice, the machining accuracy may not reach the designed level,
leading to an actual leakage gap that is larger than the calculated value. This increase in
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leakage consequently results in the measured volumetric efficiency being lower than the
calculated value.

The input power and heating capacity under various built-in volume ratios and par-
tial loads are depicted in Figures 17 and 18. The calculated results closely align with the
measured data, indicating that the compressor’s input power under partial load is signifi-
cantly lower than at full-load conditions because of the bypass process, with deviations
of 4.46-8.93% and 0.32-5.35%, respectively. The experimental data show that the CSV
can work efficiently. Figures 17 and 18 illustrate that both the input power and heating
capacity decrease with the evaporation temperature decrease. According to Figure 18, the
heating capacity at partial load is notably lower than at full load, with deviations between
the calculated and measured results ranging from 0.83% to 7.58%. The heating capacity
is significantly reduced at low evaporating temperatures. Regarding different internal
volume ratios, the heating capacity at V; = 5.6 exceeds that at V; = 2.8 when t. =5 °C
due to over-compression increasing the input power, which in turn raises the heating
capacity correspondingly.

According to Figures 13 and 14, the differences between various internal volume ratios
will diminish as compression loss decreases. As shown in Figure 19, the heating COP at
partial load is lower than under full-load conditions. The deviations between the measured
and calculated results range from a minimum of 0.92% to a maximum of 8.73%. Similarly, a
mismatch between the internal and external pressure ratios of the SSC will lead to a notable
decrease in the heating COP. Figure 20 illustrates the variations in adiabatic efficiency
relative to the evaporating temperature, comparing calculated and measured results, with
deviations ranging from 2.09% to 9.67%. During the test operations, the adiabatic efficiency
initially increases and then decreases. The experimental results confirm the accuracy of the
theoretical calculations.

It is also clear that energy losses during the compression process have a significant
impact on the adiabatic efficiency. Thus, properly adjusting the internal volume ratio can ef-
fectively lower energy consumption and enhance the working parameters of the heat pump
system. The alignment of measured and calculated outcomes affirms the reliability of the
theoretical model that delineates the internal operational process of the SSC with CSV, prov-
ing it to be a dependable tool for predicting the compressor’s thermodynamic performance.

4.2. Uncertainty Analysis

Standard error analysis techniques were employed to assess the uncertainties as-
sociated with the theoretical findings. Systematic and random measuring errors are in-
evitable in the testing process. Within the testing framework, the key variables include
pressure, temperature, power, and flow rate. The equation below captures the error
propagation relationship:

0z 2 oz 2 oz 2
0z = \/(axl(SJq) + (axZ(sz) 4+ + (axnéxn> (29)

More precisely, the target outcome is a stable function z(x1, X, ... xn) derived from
the direct physical variables (x1, X2, ... xn), each associated with uncertainties (dx1, dxy,
... dxn). The overall relative precision of the experimental data is determined using the
equation below:

0, = % x 100% (30)
Reflecting the precision of each measuring device as listed in Table 4, the aggregate
relative accuracy for the heating capacity and the heating COP stand at 3.24% and 3.43%,

respectively. Meanwhile, the adiabatic efficiency exhibits a relative accuracy of 3.28%.
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5. Conclusions

Based on the SSC, a novel single-slide valve regulating mechanism called CSV was
proposed. Through in-depth analysis and experimental research of the CSV mechanism, it
has been demonstrated that the CSV system can effectively adjust both the internal volume
ratio and capacity in response to varying working conditions. The geometric model of the
CSV, alongside a theoretical model that elucidates the dynamic characteristics and thermo-
dynamic efficiency of the SSC, has been developed to examine the operational processes of
the SSC across various working conditions. According to the working conditions of the
ASHPs, a compressor prototype with the CSV was exploited and tested. The CSV struc-
ture holds significant potential for enhancing the performance of small- to medium-sized
single-screw compressors in various applications:

1.  The performance parameters of the compressor at full load are generally higher
than at partial load. When operating at partial load, the proportion of input power
lost through the bypass process can range from 28.5% to 61.4%. Based on the P-V
indicator chart of the SSC, calculated using the theoretical model, the compressor will
experience either over-compression or under-compression losses if the built-in and
external pressure ratios of the working chamber do not align;

2. The experimental outcomes for the compressor prototype, featuring built-in volume
ratios of 2.8, 3.9, and 5.6 and operating under a partial load of 35%, demonstrate a close
correlation with theoretical predictions. The deviations between the calculated and
measured results for volume ratio and input power are 3.33-9.08% and 0.32-8.03%,
respectively. Similarly, the deviations for heating capacity and adiabatic efficiency
range from 0.92-8.73% to 2.09-9.67%, respectively. These findings suggest that the
theoretical model accurately reflects the operational features of the SSC when outfitted
with the CSV;

3. The compressor’s efficiency is influenced by energy losses due to over-compression or
under-compression. Utilizing the CSV system enables precise adjustment of the heat
pump system’s heating capacity to align with real-world requirements, consequently
enhancing the heating COP and minimizing energy losses.

Theory and experiments demonstrate that the internal volume ratio and capacity of the
SSC can be effectively adjusted using the CSV. This enhancement can significantly improve
the performance of the ASHPs. The insights provided furnish critical theoretical evidence
and experimental backing for the development and refinement of SSCs and ASHPs.
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Nomenclature
Variables Greeks
E energy [J] o void fraction
h specific enthalpy [J/kg] 0 rotation angle [rad]
k heat convection coefficient [w/(m?-k)] 0 working fluid density [kg/ m3]
proportion of gas within
" mass [kg] p the mixture
1il mass flow rate [kg/s] subscripts
1% pressure [Pa] bp bypass
A area [m?2] Ccv control volume
Q heat transfer quantity [J] d outlet
S area [m?2] f friction
T temperature [°C] g gas
u specific built-in energy [J/kg] i in
u built-in energy [J] 1 oil
Vv volume [m?] Ig leakage gas
v specific volume [m3/kg] low low pressure
W work [J] 0 out
v volume
max maximum
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