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Abstract. We developed a mathematical model for determining the 

parameters of mass transfer in the compressor chambers during the 

processes of compression and discharge. The mass flow rates through the 

end and radial gaps were determined. Also we analyzed the processes of 

mass transfer in a clamped volume. We investigated the influence of the 

number of vanes on the compressor efficiency, taking into account changes 

in the compressor geometric parameters. We established that overflows 

through the end surfaces of rotor mainly affect the compressor performance. 

In order to reduce overflows during the period of discharge, it was proposed 

to increase the angle of closure of the discharge window at a fixed angle of 

its opening. The mathematical model allows one to make recommendations 

on the choice of the optimal number of vanes for a particular design. 

1 Introduction 

Rotary vane compressors (RVC) belong to the class of volumetric machines. Interest in the 

production of RVC is due to the simplicity of its design, low cost of the manufacturing 

process, ease of operation and relatively high reliability [1, 2]. At the same time, there is a 

challenge to increase the low efficiency of the RVC [3-7]. RVC are used in the metallurgical, 

chemical and gas industries, for pneumatic transport of bulk materials, in the food industry 

and trade, in brake systems of vehicles. They are also used as vacuum pumps in bulb and 

glass production, etc. They are widely used in refrigeration technology for compressing 

refrigerants and in conditioning. 

The design scheme of the rotary vane compressor is shown in Figure 1. The working cell 

is limited by two successive vanes, the outer surface of the rotor, the inner surface of the 

cylinder, and end walls. During the rotation of the eccentric mounted rotor, the vanes, which 

are freely located inside the grooves, are thrown by the centrifugal forces to the periphery, 

thus dividing the free sickle-shaped cavity into separate working cells. In the left half-plane, 

an increase in the area (and, respectively, volume) of the cell occurs, in the right half, there 

occurs a decrease in the cell. 
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Fig. 1. The design scheme of the rotary vane compressor 

At the intersection of the edge “a” by the front vane of the working cell, fresh gas begins 

to flow into the cell. Suction finishes when the end vane of the cell crosses the upper edge of 

the suction window. With further rotation of the rotor in the working cell, compression occurs 

due to the decrease of the cell volume. Upon reaching the upper edge of the discharge window 

by the front vane, the cell is connected to the discharge window and gas is injected. The 

discharge continues until the end vane closes the discharge window when crossing the “b” 

edge. Gas that is not displaced from the cell during the discharge time is clamped in the pass 

volume to the lowest point of the cylinder. Then the volume of the cell begins to increase, 

and a vacuum appears in it. 

Rotational compressors are constantly improved, their volumetric and energy 

characteristics, reliability and durability, degree of automation are increased, at the same time 

dimensions and metal consumption, noise and vibration are reduced. When designing rotary 

machines, various tasks arise in the search for more efficient and reliable design solutions 

related to: the organization of the working process [8, 9]; the choice of constructive forms of 

the flow part [10]; calculation of the strength of machine elements and the choice of material 

[11]. The range of compressors usage according to their performance and final pressure is 

expanding, designs and manufacturing technology are being improved. 

The purpose of the work is to increase the efficiency of the working process of a rotary 

vane compressor by optimizing the number of vanes. 

2 Research method 

Within the framework of the study, a mathematical model and a computer program were 

developed, which made it possible to calculate the preliminary dimensions of the RVC based 

on the available initial data. The RVC performance, initial and final pressure, initial 

temperature, thermodynamic parameters of gas were considered as initial data. 
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The actual mass �̇�𝑎 productivity of the compressor is less than theoretical one �̇�𝑡, i.e. 

�̇�𝑎 = 𝜆�̇�𝑡where λ <1 is the performance factor [12, 13]. 

The performance factor for the RVC can be represented as (1) 

𝜆 = 𝜆𝑝 ⋅ 𝜆𝑡 ⋅ (1 − 𝜈𝑢) − 𝜈𝑙 − 𝜈𝑒𝑙 ,    (1) 

where λp is the pressure factor, λt is the temperature factor, νu is the operation factor, νl is the 

leakage factor, νel is the external leakage factor. 

The pressure factor is a coefficient that takes into account pressure losses during the 

passage of gas through the suction window. The factor λt takes into account the rise in 

temperature of the suction gas. An increase in temperature leads to a decrease in the density 

of the suction gas and, consequently, to a decrease in productivity. The coefficient νu shows 

how much of the theoretically possible volume is used in the suction process. The coefficient 

νl takes into account the leakage of gas from the cavities with high pressure to the cavities 

with low pressure. Leakage reduces the volume of suction gas, as they themselves occupy a 

part of the volume of the suction cavity and heat up the suction gas. The coefficient νel takes 

into account the volume of gas that flows from the working cavity of the compressor in the 

ambience. 

Preliminary, the components of the performance factor are selected on the basis of 

available recommendations. A preliminary thermodynamic calculation is made and the initial 

geometrical parameters are determined. Using these values and the formula (2), the optimal 

number of vanes is calculated, based only on considerations of achieving the maximum 

theoretical performance [14]. 

𝑧opt = 𝜋√
𝑅(2

𝑒

𝑅
+1)

3𝑏

3

,     (2) 

where R is the stator radius (see Figure  1), e is eccentricity, b is the vane width. 

In fact, the number of vanes ambiguously affects the integral characteristics of the 

compressor. On one hand, the mass transfer between the cavities decreases, which leads to a 

decrease in relative overflows, the pressure drop on the vane decreases (the load on the vane 

decreases and the friction loss decreases), on the other hand, the overall friction power 

increases and the mechanical and indicator efficiencies decrease. 

We consider the influence of the number of vanes on the mass transfer between the 

working cells and the suction cavity. The calculation of the mass flow rate was carried out 

according to the formula of S.E. Zakharenko (3) [15-18], which takes into account the shape 

of the gap; its geometric dimensions; flow parameters before and after the gap; gas friction 

in the gap; loss of pressure at the inlet and outlet of the gap. For example, figure 2 shows a 

rectangular gap and its main dimensions; gap width (gap) δ is the smallest gap size in a plane 

perpendicular to the flow; the gap length l is the size in the plane A; the gas path length b is 

the size of the gap in the direction of gas motion (in the B plane). 

�̇� = 𝜇𝛿𝑙√
𝜌1
∗𝑝1(

2−1)

𝑙𝑛 2+𝜉+𝜆𝑟𝛴
,     (3) 

where μ is the discharge coefficient (we took μ = 0.8); δ is clearance in the gap; l is the gap 

depth; 𝜌1
∗ = 𝑝1/𝑅𝑇2 is 

conventional density; p1 is the gas pressure behind the gap; T2 is the 

gas temperature in front of the gap; ε is the pressure ratio in front of the gap and behind it, 

p2/p1; ξ is the total coefficient of local resistances at the entrance and exit of the gap (for gaps 

with a smooth variation of the cross section ξ = 1.418, for gaps with a constant width, 

instantaneous narrowing at the input and instantaneous expansion at the exit ξ = 2.5); λr is 

the friction factor [19], Σ is the form factor. 
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Fig. 2. A rectangular gap 

Equation (3) cannot be solved, since the friction factor λr entering into the equation 

depends on the mass flow rate. The solution is sought by the method of successive 

approximations. For the initial approximation one takes the flow rate at the critical discharge, 

which is determined by the formula of Saint-Venant-Wenzel (4) 

�̇�0 = 𝜇𝛿𝑙𝑝2 (
2

𝑘+1
)

1

𝑘−1
√

2𝑘

𝑘+1

1

𝑅𝑇2
,     (4) 

where k is the adiabatic factor, R is the gas constant Т2 is the temperature in front of the gap. 

The Re0 number is determined from the obtained value of the flow rate using the formula 

(5) [20] 

𝑅𝑒0 =
2�̇�0

𝜇𝜈(𝛿+𝑙)
,      (5) 

where μν is the dynamic viscosity of gas.  

Depending on the Re number, the friction factor is found and the obtained value is 

substituted into (3). In this way, the first approximation of mass flow rate �̇�1 is found. Further 

it is substituted into the formula for calculating Re, friction factor is found again, etc. until 

condition (6) is fulfilled. 
|�̇�𝑖+1−�̇�𝑖|

�̇�𝑖
≥ 𝛥,      (6) 

where Δ is the preset accuracy of calculation. 

In order to compare not only qualitative but also quantitative results of the calculation, 

we use a compressor with a capacity of 10 m3/min as a test object, which compresses gas 

with an initial pressure equal to the atmospheric pressure, up to an absolute final pressure of 

0.4 MPa. 

Internal gas overflows in a rotary compressor occur mainly through radial clearances (see 

Figure 3a) and end clearances (see Figure 3b) and from gas transfer in an isolated volume 

(see Figure 3c). 
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a    b     c 

Fig. 3. Gas overflow: а – radial overflows and overflows through gaps; b – end overflows through the 

clearances be1 и be2; c – overflows from isolated volume  

The specified overflow performance coefficient through the radial gaps in the upper part 

of the cylinder (see Figure 1) is affected only by the leakage through the vane located on the 

back side of the cell disconnected from the suction chamber. The direction of overflows 

through this vane depends on the location of the upper edge of the suction window. If the cell 

is cut off from the suction window until it reaches its maximum position, then the overflows 

will go from the suction chamber to the cell until the volume of this cell becomes less than 

the maximum possible. With further rotation of the rotor, the direction of flow of the 

overflows will change to the opposite. Let the upper edge of the suction window be fixed and 

shifted down. The angle of deviation of the bisector from the vertical of the initial cell δ1 is 

chosen to be 30°. It is assumed that the pressure in this cell is equal to the suction pressure 

until the bisector of the cell reaches the zero position. Mass transfer occurs at the angle of 

rotation equal to β (β = 2π/z is the angle of cell opening). For the investigated version of the 

compressor, the overflow from the initial cell is insignificant and does not exceed 1%. As the 

number of vanes increases, the mass transfer time decreases, and the total mass flow 

decreases accordingly. Since the overflows from the first cell to the previous one through the 

radial gap is extremely small, they can be neglected. 

In addition, there are overflows through the radial and end clearances from the cell located 

directly in front of the suction chamber. The pressure in this cell for the angle of rotation 180 

≤φ≤180 + β, is determined by the formula (7). 

𝑝φ = 𝑝fin (
β+2sin

β

2
+

e

2R
sin β−

e

2R
β

β+2cosφ sin
β

2
+

e

2R
cos 2φ sin β−

e

2R
β
)

n

,    (7) 

where pfin is the final pressure. 

The lowest edge of the suction window is also fixed. The displacement of the bisector of 

the last cell from the lower point of the stator is assumed to be 30° in the direction of rotation 

of the rotor. Overflows increase with decreasing the number of vanes. However, due to the 

higher pressure in the lower cells and a shorter gap depth, this mass transfer is more 

significant (see Figure 4). 
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Fig. 4. End overflows from the first (1) and the last (2) cells to the suction cavity 

At the lower part of the stator, with a small number of vanes, gas can be transferred with 

discharge parameters from the clamped volume to the suction chamber (see Figure 3c). This 

mass flow, if (δ3 + δ4)> 2β, is calculated by the formula (8). 

�̇�is = 𝐹is𝑧𝐿𝑛𝜌𝑑𝑖𝑠,     (8) 

where Fis is the end area of the isolated cell, n is the rotor frequency; ρdis is the density of the 

discharged gas. 

If φ = 180 − δ3 + β/2, the end area of the isolated cell is determined according to the 

formula (9), in other cases  �̇�is = 0. 

Fis=eR (β+2 cosφ sin
β

2
+

e

2R
cos 2φ sin β -

e

2R
β)     (9) 

 

Overflows from an isolated volume strongly depend on the position of the lower edge of 

the discharge window. The lower is this edge, the smaller the pinched volume is, and the 

smaller the number of overflows in the suction chamber is. With a fixed lower edge, an 

increase in the number of vanes leads to significant losses: thus, the displacement of the lower 

edge of the discharge window by δ3 = 60° leads to an increase in mass leakages up to 30% 

for a large number of vanes. 

Overflow through the grooves is extremely small due to the large hydraulic resistance. 

The main overflows occur through the end gaps (δe1, δe2) between the rotor and the caps (see 

Figure 3b). 

The process of mass transfer that occurs through the end surface of the rotor should be 

divided into two stages: flow at the stage of compression in the working cells with variable 

parameters at the inlet to the gap; overflow at the stage of discharge with gas parameters 

(pressure, temperature) before the gap, equal to these parameters in the discharge pipe. To do 

this, one first need to determine the angle of compression φcomp, i.e. the moment of the 

beginning of the discharge. The condition for finding this moment is the achievement of 

discharge pressure in the working cell, the corresponding angle is determined by the formula 

(10) 

𝜑comp = arccos [
2

(
𝑝𝑓𝑖𝑛

𝑝𝑖𝑛
)

1
𝑛

− 1],      (10) 

where n is the polytropic index. 

The gap parameters (see Figure 2) for the overflow calculation through the end clearances 

are determined according to the formulae (11) and (12). 

𝑙 = 2𝑟 𝑠𝑖𝑛 𝜑 𝑠𝑖𝑛
𝛽

2
.      (11) 
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𝑏 = 2𝑟 𝑠𝑖𝑛 𝜑 𝑐𝑜𝑠
𝛽

2
.      (12) 

3 Results and discussion 

According to formula (10), the compression angle depends only on the ratio between the final 

and initial pressure. Therefore, the number of vanes practically does not affect its variation. 

The mass flow rate of gas overflows in compression along the rotation angle of the rotor (see 

Figure 5) increases noticeably with a decrease in the number of vanes. There is a clear trend 

of increasing the mass transfer when the cell approaches the opening of the discharge 

window, and for a smaller number z this tendency is more obvious. 

 
Fig. 5. End overflows at compression 

The minimum volume of the working cell is determined by the angle β/2. When 

designing, it is recommended to choose the position of the lower edge of the discharge 

window in the range from β/2 to β. The question of pumping overflows arises due to the 

accepted assumptions. The edge will always depend on β/2, and an increase in the number of 

vanes will lead to a lower bottom edge, and, consequently, to an increase in the duration of 

the mass transfer process and the amount of gas flowing. The results are shown in Figure 6, 

from which it is seen that an increase in the number of vanes leads to an increase in overflows. 

 

 
Fig. 6. Mass transfer at alternating bottom edge of the discharge window: 1 – during compression; 2 – 

during discharge; 3 – total 
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Further it was assumed that the lower edge is fixed as well as the upper one. Otherwise, 

with a small number of vanes and with a constant upper edge of the discharge window, it will 

actually be absent. It was assumed that the angle δ3 for all variants is constant and equal to 

60°. In this case, an increase in the number of vanes leads to a decrease in mass transfer 

during discharge and total mass transfer (see Figure 7). 

 

 
Fig. 7. Relative overflows with a constant lower edge of the discharge window: 1 – during compression; 

2 – during discharge; 3 – total 

A further increase in the number of vanes does not lead to a noticeable change in the relative 

overflow. In quantitative terms, end overflows prevail over all others (see Figure 8). 

 

 
Fig. 8. The fractions of relative overflows in the total mass transfer 

4 Conclusions 

When choosing the location of the lower edge of the discharge window, it is necessary to 

solve an optimization problem. On one hand, lowering the lower edge leads to a decrease in 

overflows from the pinched volume at z> 10, and on the other hand, this increases the 

discharge process time, which leads to an increase in end overflows. To control mass transfer 

from the isolated volume a gas bypass from the discharge to the suction is created. At such 

design the pressure in the bulk volume is slightly higher than the suction pressure, and the 

influence of the clamped volume and overflow from the last cell can be neglected. 

Thus, using the developed methodology for determining the performance of RVC, taking 

into account the end overflows, inter-chamber overflows and mass transfer in a pinched 

volume, it is possible to choose the optimal number of vanes in order to increase compressor 
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performance. It is established that the most important are the overflows through the end gaps 

between the rotor and the stator. 

The developed mathematical model and computer program allows one to carry out both 

preliminary design of RVC and verification calculations with the search for optimal values 

of the number of vanes. 

The research was performed by a grant of Russian Science Foundation (project No. 18-79-10165). 
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