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Abstract. Semi-closed single screw refrigeration compressors (SSRC) are widely used in 
refrigeration and air conditioning systems owing to the advantages of simple structure, 
balanced forces on the rotor, high volumetric efficiency and so on. In semi-closed SSRCs, 
motor is often cooled by suction gas or injected refrigerant liquid. Motor cooling method will 
changes the suction gas temperature, this to a certain extent, is an important factor influencing 
the thermal dynamic performance of a compressor. Thus the effects of motor cooling method 
on the performance of the compressor must be studied. In this paper mathematical models of 
motor cooling process by using these two methods were established. Influences of motor 
cooling parameters such as suction gas temperature, suction gas quantity, temperature of the 
injected refrigerant liquid and quantity of the injected refrigerant liquid on the thermal dynamic 
performance of the compressor were analyzed. The performances of the compressor using 
these two kinds of motor cooling methods were compared. The motor cooling capacity of the 
injected refrigerant liquid is proved to be better than the suction gas. All analysis results 
obtained can be useful for optimum design of the motor cooling process to improve the 
efficiency and the energy efficiency of the compressor. 

1.  Introduction 
As a rotary type compressor, the single screw compressor is firstly invented by Zimmen B in 1960s [1]. 
Due to the advantages of simple structure, small vibration, good dynamic balance, low noise and high 
reliability, the single screw compressor has always been regarded as a good theoretical performance 
compressor. It was first used in air compression field, and then was introduced to the field of 
refrigeration soon in the mid of 1970s [2,3]. The first opened single screw refrigeration compressor 
was manufactured in 1975 [4], and the semi-closed single screw refrigeration compressor (SSRC) was 
researched and developed in 1982 [5]. Now semi-closed SSRCs are widely used in refrigeration and 
air conditioning systems. The semi-closed SSRC mainly consists of one screw rotor and two star-
wheels which symmetrically located with the screw rotor as shown in figure 1. The motor is connected 
with the screw rotor directly. During the compressor operating process, the copper loss, iron loss, 
excitation loss, ventilation, friction loss and so on will be generated by the motor and be converted 
into heat energy which will cause the motor heating. In order to cool the motor, motor cooling 
methods using suction gas, injected refrigerant gas/liquid or exhaust gas were put forward [6]. In semi-
closed SSRCs, motor cooling method will changes the suction gas temperature, this to a certain extent, 
is an important factor influencing the thermal dynamic performance of the compressor. 
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Figure 1. The core working parts of a single screw compressor 

Over the years, a series of studies have been carried out for the motor heat dissipation, the motor 
cooling method and the influence of the motor cooling process on the compressor. Chen et al. built a 
mathematical model describing flow and heat transfer characteristics of the motor in semi-hermetic 
twin screw refrigeration compressor under part-load conditions based on fluid network and thermal 
equivalent circuit theories [7,8]. In their study, the temperature and pressure distribution inside the 
motor and their influences on performance of the compressor were analyzed. Wen et al. investigated 
the coil temperature field of electromotor in screw refrigeration compressor. On basis of this, the 
effects of working condition, velocity of refrigerant flow and electromotor power upon coil 
temperature were analyzed [9]. He et al. developed a comprehensive model to study the flow and 
thermal behavior of the motor cooling process through suction refrigerant in semi-hermetic twin screw 
refrigeration compressors. By using this model, the temperature distribution inside the motor was 
accurately predicted [10]. He et al. analyzed the temperature distribution of motor in the semi-hermetic 
screw refrigerant compressor which was applied in high temperature heat pump system [11]. Liang et 
al researched the influence of the motor cooling process on the enclosed type compressor and the 
semi-closed compressor with motor cooling methods using suction gas and injected refrigerant 
gas/liquid [12]. Dutra et al. presented a simulation approach for hermetic reciprocating compressors 
including electrical motor modeling, and studied the effect of the motor on the performance of the 
compressor [13]. For the semi-closed SSRC, Wang et al. established the mathematical model to 
analysis the thermodynamic performance of the semi-closed SSRC with the consideration of motor 
cooling process using suction gas [14]. Although many scholars have done a lot of work, so far no 
work has been done about the contrastive analysis of different motor cooling method in semi-closed 
SSRCs. In semi-closed SSRCs, motor cooling method is an important factor influencing the thermal 
dynamic performance of the compressor. Thus the effects of motor cooling method on the dynamic 
performance of semi-closed SSRCs must be studied. 

In this paper, mathematical models of the motor cooling process by using suction gas or injected 
refrigerant liquid were established. On the basis of these models, the influences of the motor cooling 
parameters such as suction gas temperature, suction gas quantity, temperature of the injected 
refrigerant liquid and quantity of the injected refrigerant liquid on the thermal dynamic performance of 
the compressor were analyzed. The performances of the compressor using these two kinds of the 
motor cooling methods were compared. All analysis results obtained in this paper can be useful for 
optimum design of the motor cooling process in the semi-closed SSRC to improve the efficiency and 
the energy efficiency of the compressor. 

2.  Motor cooling principle in the SEMI-CLOSED SSRC  
At present, the common methods used in semi-closed SSRC for cooling the built-in motor are the 
suction gas cooling method, the injection gas cooling method and the exhaust gas cooling method. In 
this study, the motor cooling method using the suction gas and the injected refrigerant liquid were 
investigated. The motor cooling principles of these two methods are shown as follows. 
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2.1.  Motor cooling method using the suction gas 
Figure 2 shows the structure of the semi-closed SSRC with the motor cooling method using suction 
gas (case 1). As shown in figure 2, the semi-closed SSRC is composed by three parts: motor, working 
component and the oil-gas separator. The screw rotor of the work component is driven by motor 
directly. When the semi-closed SSRC begins to run, the refrigerant gas with lower temperature and 
pressure will flows into the suction chamber through the motor after filtering. After this process, the 
motor windings will be cooled, and the refrigerant gas will be overheated. Then the overheating 
refrigerant gas will enters into the compression chamber of the working component and be compressed 
to a high pressure. 

Oil-gas separator Case Screw rotor Motor Suction gas filter

 
Figure 2. Semi-closed SSRC with the motor cooling method using suction gas 

As shown in figure 3, the refrigerant gas with lower temperature and pressure at the state point 1’ 
will be overheated to the state point 1 after cooling the motor. The larger suction superheat will 
increases, the specific volume of the suction refrigerant gas which will cause the decrease of the 
compressor volume flow per unit time, and will eventually reduce the compressor working 
performance. So in this study, the influence of the refrigerant gas overheating caused by the motor 
cooling process has been analyzed. 
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Figure 3. Semi-closed SSRC work cycle with the motor cooling method using suction gas 

2.2.  Motor cooling method using injected refrigerant liquid 
Figure 4 shows the structure of the semi-closed SSRC with the motor cooling method using injected 
refrigerant liquid (case 2). In this method, the liquid refrigerant from the condenser is divided into two 
parts. One part of the liquid refrigerant with high pressure and low temperature enters into the 
evaporator after flowing through the expansion valve to participate in the refrigeration cycle process, 
the other part of the liquid refrigerant with high pressure and low temperature is directly injected into 
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the motor chamber after flowing through the throttling capillary to realize the cooling of the motor 
windings. Then this part of the refrigerant used for cooling the motor will be mixed with the rest of the 
refrigerant and entered into the working chamber to participate in the refrigeration cycle process. By 
using this method, the temperature of the suction refrigerant gas will be decreased than that of the case 
1. The influence of cooling process using injected refrigerant liquid also has been analyzed as follows. 

Oil-gas separator Case Screw rotor

MotorRefrigerant gas

Injected refrigerant 
liquid

 
Figure 4. Semi-closed SSRC with the motor cooling method using injected refrigerant liquid 

3.  Mathematical model of the motor cooling process 

3.1.  Energy loss calculation model for the motor 
According to the motor cooling principle in the semi-closed SSRC, the dissipation heat generated by 
the motor must be carried off by the refrigerant. So in order to analyze the motor cooling process, the 
dissipation heat generated by the motor under the steady state must be gained. By the motor design 
theory, dissipation heat generated by the motor due to the energy loss in the process of electrical 
energy converted into mechanical energy mainly include the basic iron loss, the electric loss and the 
stray loss [15]. The energy loss calculation model for the fixed frequency motor is shown as follows. 

Basic iron loss of the fixed frequency motor contains the hysteresis loss and eddy current loss 
caused by the main magnetic field changes in the core, the calculation formula of these basic iron 
losses is: 

Fe a he hei i
i

P K P G P G                                                        (1) 

Where aK  is the experience factor which is used to represent the basic iron losses increase caused 

by the processing and of the steel, the magnetic flux density distribution and change, heiP  is the loss 

coefficient, iG  is the quantity which is suffered by the magnetizing effect. 

The electric loss of the fixed frequency motor includes the copper (aluminum) consumption loss of 
each winding and the contact consumption loss between the brush, collector ring and the commutator, 
the calculation formula of these basic iron losses is: 

2
Cu(Al)1 x xP mI R                                                              (2) 

cb b bP U I                                                                  (3) 

Where m  is the phase number, xI  is the electric current in the winding, xR  is the resistance of the 

winding, bU  is the contact voltage drop of the brush, bI  is the electric current flow through the 

brush. 
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The leakage magnetic field (including harmonic magnetic field) which is generated by the working 
current in the stator and rotor will cause the loss in the winding and iron core and structures. These 
losses compose the stray loss and make the stray loss very complex. In view of this, the stray loss of 
the fixed frequency motor is difficult to calculate accurately. At present, motor design scholars at 
home and abroad tested the stray loss of different types and specifications induction motor under load 
condition. Through summarizes the result of the test, the relationship between the load stray loss and 
the motor rated power was obtained. For the cast aluminum rotor, the load stray loss in proportion to 
the rated power of motor is shown in table 1. So the stray loss can be calculated by the rated power of 
motor. 

Table 1. The load stray loss in proportion to the rated power 
 

Motor series 2 4 6 8/10 

1 /s NP P  0.025 0.02 0.015 0.01 

In addition, the friction loss and ventilation loss also vary with the change of the variable frequency 
motor rotation speed. Generally speaking, the friction loss of rolling bearing is proportional to the 
speed, and the ventilation loss is proportional to the three times of the speed. By solving the losses 
mentioned above, the heat generated by the motor used in the semi-closed SSRC can be obtained.  

3.2.  The heat exchange process calculation model 
In the case 1, the suction refrigerant gas with lower temperature and pressure will flows into the 
suction chamber through the motor. Then the heat exchange between the suction refrigerant gas and 
the motor will occurs which will cause the heat of the refrigerant gas. This inspiratory preheating 
phenomenon will changes the thermodynamic properties of the suction refrigerant gas, and eventually 
result in the decrease of capacity and efficiency of the semi-closed SSRC. As a consequence, in semi-
hermetic SSRCs, the dissipation heat generated by the motor has bigger influence on the suction 
refrigerant gas. According to the principle of conservation of energy, the dissipation heat generated by 
the motor can be divided into two parts. One part of it makes the motor temperature rise, and the other 
part of it will be distributed to the refrigerant gas flows through the motor. So the distribution of the 
heat generated by the motor can be obtained: 

md d dQ t C T ST t                                                       (4) 

Where Q  is heat generated by the fixed frequency motor per unit time, C  is the heat capacity of 

the motor, m  is the heat transfer coefficient of the motor, S  is the heat transfer area of the motor, T  

is the temperature rise of the motor. 
When the motor running to steady state, the dissipation heat generated by the motor will all is 

passed to the suction refrigerant gas which will cause the overheating of the gas. And then a steady 
state temperature rise will be achieved. The temperature rise of the suction refrigerant gas caused by 
the motor is: 

 g g sd sdQ t c m T T                                                                  (5) 

Where gc  is the specific heat of refrigerant, gm is the mass of refrigerant, sT  is the suction 

temperature of refrigerant. 
In the case 2, the part of the liquid refrigerant with high pressure and low temperature is directly 

injected into the motor to take away the dissipation loss of the motor. After the heat transfer process, 
the liquid refrigerant absorbs heat and becomes superheated steam. Then the superheated refrigerant 
gas will enters into the suction chamber and be mixed with the rest of the refrigerant. The mixed 
refrigerant gas finally enters into the working chamber to participate in the refrigeration cycle process. 
In this method, there are two times of heat exchange process: the first process is the heat exchange 
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between the liquid refrigerant and the motor, the second process is the heat exchange between the 
superheated refrigerant and the refrigerant comes from the evaporator.  

According to the energy conservation equation, the heat exchange process between the liquid 
refrigerant and the motor can be expressed as follows: 

'
1 1 1 1dQ t m h m h                                                               (6) 

The heat exchange process between the superheated refrigerant and the refrigerant comes from the 
evaporator can be expressed as: 

1 1 2 2 1 2 s( )m h m h m m h                                                        (7) 

Where 1m  is the mass of the injected liquid refrigerant, '
1h  is the enthalpy of the injected liquid 

refrigerant, 1h  is the enthalpy of superheated steam, 2m  is the mass of the refrigerant comes from the 

evaporator, 2h is the enthalpy of the refrigerant comes from the evaporator, sh is the enthalpy of the 

suction refrigerant gas. 
These calculation models were integrated into the mathematical model describing the working 

process of the SSRC as a subroutine in the form of the preheating of the suction refrigerant gas caused 
by the motor cooling process [14]. a step-by-step calculation procedure as shown in ref [14]with the 
fourth order Runge-Kutta method was compiled to solve the presented theoretical calculation model. 
Then influences of motor cooling parameters on the thermal dynamic performance of the compressor 
can be analyzed. In order to compare accurately, lubricating oil heat exchange effect was ignored in 
this study. 

4.  Results and discussion 
In this paper, a typical semi-closed SSRC used in refrigeration and air conditioning field with the 
structure and operation parameters as shown in table 2 was chosen for the calculate example. By using 
this semi-closed SSRC, the influence of the motor cooling parameters such as suction gas temperature, 
suction gas quantity, temperature of the injected refrigerant liquid and quantity of the injected 
refrigerant liquid on the thermal dynamic performance of the compressor were analyzed. The 
performances of the compressor using these two kinds of the motor cooling methods were compared.  
The analysis results are shown as follows. 

Table 2. The main parameters 

Parameters(and unit) Symbols Value Parameters(and unit) Symbols Value 

Gear ratio   11/6 Length of the screw (mm) L  155.7 

Radius of the screw (mm) 1R   181 Star wheel thickness (mm) t  7.25 

Star wheel radius (mm) 2R  181 Refrigerant/Lubricating oil Re/ oil 

R22/S

uniso 

4GS 

Center distance (mm) A  144.8 Evaporation temperature (K) 
eT  278.15

Breadth of the star wheel 

(mm) 
b  26.5 

Condensation temperature 

(K) 
cT  313.15

Rotate speed (r.min-1) n  2880 Superheat temperature (K) T  5 
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For the case 1, the influence of the suction gas quantity on the thermal dynamic performance of the 
compressor is analyzed by changing the rotate speed of the compressor and is shown in figure 5. The 
variation tendency of the curves in figure 5 shows that the suction gas temperature of the compressor 
will rises due to the dissipation heat generated by the motor. That will cause the increase of the 
specific volume and the decrease of the displacement of the compressor. The temperature rise of the 
suction gas and the specific volume increment will decrease with the increase of the compressor rotate 
speed. But the lower degree of displacement will increases with the increase of the rotate speed. 

 
Figure 5. The influence of the suction gas quantity in the suction gas cooling method 

 

Figure 6. The influence of the suction gas temperature in the suction gas cooling method 
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Figure 6 shows the influence of the suction gas temperature on the thermal dynamic performance 
of the case 1. As the variation tendency of the curves shown in figure 6, the temperature rise of the 
suction gas, the specific volume and the displacement of the compressor are all affected by the suction 
gas temperature. The temperature rise of the suction gas and the specific volume increment will 
increases with the increase of the suction gas temperature. But the lower degree of displacement will 
decreases with the increase of the suction gas temperature. 

After researching the influence of the motor cooling parameters on the thermal dynamic 
performance of the case 1, the influence of the motor cooling parameters for the case 2 were also 
analyzed. The analysis results are shown as follows. 

 

Figure 7. The influence of the suction gas quantity in the refrigerant liquid cooling method 

The influence of the rotate speed on the thermal dynamic performance of the compressor is 
analyzed and shown in  figure 7. The contrast of the curves in figure 5 and figure 7 shows that the 
temperature rise of the suction gas caused by the motor cooling process in case 2 is lower than that in 
the case 1. The lower temperature of the suction gas will cause the lower specific volume increment 
and the lower reduce amount of displacement. That means the motor cooling capacity of the injected 
refrigerant liquid is better than the suction gas. The variation tendency of the curves in figure 7 shows 
that the temperature rise of the suction gas will decreases with the increase of the compressor rotate 
speed. The specific volume increment will increases with the increase of the rotate speed. But the 
lower degree of displacement will increases firstly and then decreases with the increase of the rotate 
speed. 

The influences of the liquid refrigerant temperature and the liquid refrigerant quantity on the 
thermal dynamic performance of the case 2 are shown in figure 8 and figure 9 respectively. Through 
the variation tendency of the curves in figure 8, the temperature rise of the suction gas, the specific 
volume increment and the lower degree of displacement will all increase with the increase of the liquid 
refrigerant temperature. But the curves in figure 9 show that the temperature rise of the suction gas, 
the specific volume increment and the lower degree of displacement will all increase firstly and then 
decrease with the increase of the liquid refrigerant quantity. 
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Figure 8. The influence of the liquid refrigerant temperature 

 

Figure 9. The influence of the liquid refrigerant quantity 

5.  Conclusion 
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1) All of motor cooling methods by using suction gas and injected refrigerant liquid will affect the 
thermal dynamic performance of the semi-closed SSRC. The motor cooling capacity of the 
injected refrigerant liquid is better than the suction gas. 

2) For the semi-closed SSRC with the motor cooling method using suction gas, the increase of the 
compressor rotate speed will makes the decrease of the suction gas temperature rise and the 
specific volume increment but the increase of the displacement lower degree. But the influence of 
suction gas temperature is just the opposite.  

3) For the semi-closed SSRC with the motor cooling method using injected refrigerant liquid, the 
increase of the compressor rotate speed will results in the decrease of the suction gas temperature 
rise and the increase of the specific volume increment. The lower degree of displacement will 
increases firstly and then decrease with the increase of the rotate speed. 

4) In the semi-closed SSRC with the motor cooling method using injected refrigerant liquid, the 
temperature rise of the suction gas, the specific volume increment and the lower degree of 
displacement will all increase with the increase of the liquid refrigerant temperature. But the 
temperature rise of the suction gas, the specific volume increment and the lower degree of 
displacement will all increase firstly and then decrease with the increase of the liquid refrigerant 
quantity. 

References 
[1] Zimmern B. Worm rotary compressors with liquid joints: USA, 3,180,565[P], 1965. 
[2] Constant L C, Hundy G F, Chan C Y, et al. Single-screw compressor for refrigeration and other 
duties, London, UK: Mech Eng Publ Ltd, 1981: 117-126. 
[3] Zimmern B. From water to refrigerant: twenty years to develop the oil injection-free single 
screw compressor, in: Proceedings of the 1984 International Compressor Engineering Conference, 
West Lafayette, USA, p513-518. 
[4] Wang S H. Single screw refrigeration compressor [J]. Chemical Industry and General 
Machinery, 1978, (07):50-52. 
[5] Otsuki L. Semi-closed single screw refrigeration [J]. Fluid Engineering, 1989, (06):49-55. 
[6] Li J. Comparison of motor cooling modes for hermetic screw compressor [J]. Refrigeration and 
Air-conditioning, 2006, 6(02):79-81. 
[7] Chen W Q, Shen J B, Wu H G, et al. Flow and Heat Transfer analysis of the motor in screw 
compressor [J]. Refrigeration Technology, 2012, 32(01):4-8, 23. 
[8] Chen W Q, Xing Z W, Shen J B, et al. Thermal modeling for the motor in semi-hermetic screw 
refrigeration compressors under part-load conditions [J]. International Journal of Refrigeration, 2013, 
36(7):1874-1882. 
[9] Wen M Q, Wang H D, Chen Q D, et al. Research on coil temperature field of electromotor in 
screw refrigeration compressors [J]. Refrigeration Technology, 2013, (03):61-64. 
[10] He Z L, Xing Z W, Chen W Q, et al. Thermal and hydraulic analysis on the flow around the 
motor in semi-hermetic twin screw refrigeration compressors [J]. Applied Thermal Engineering, 2013, 
58(1-2), 114-124. 
[11] He Y N, Jin L, Deng W C, et al. Numerical study of refrigerant flow in screw compressor motor 
for high temperature heat pump [J]. Fluid Machinery, 2015, 43(6):29-33. 
[12] Liang H J, Liang X Y, Guan H Y, et al. built-in motor Cooling problems of the central air 
conditioning compressor [J]. China High Tech Enterprises, 2015, (02):82-84. 
[13] Dutra T, Deschamps C J. A simulation approach for hermetic reciprocating compressors 
including electrical motor modeling [J]. International Journal of Refrigeration,59(2015), 168-181. 
[14] Wang Z L, Wang Z B, Wang J, et al. Theoretical and experimental study on thermodynamic 
performance of single screw refrigeration compressor with Multicolumn Envelope Meshing Pair. 
Applied Thermal Engineering, 103(2016): 139-149. 
[15] Yang L,  Dai W J, et al., Electric machine design theory and practice. Tsinghua University Press, 
Beijing, 2013, pp. 53-77. 


