friried applied
e sciences

Article

Analysis of Tangential Leakage Flow Characteristics in a Variable
Diameter Dual Circular Arc Vortex Compressor

Lei Huang '*, Changming Qiu !, Yu Wang 2, Mengqi Wu !, Shuai Ren ! and Changdong Miao !

check for
updates

Citation: Huang, L.; Qiu, C.; Wang, Y.;
Wu, M; Ren, S.; Miao, C. Analysis of
Tangential Leakage Flow
Characteristics in a Variable Diameter
Dual Circular Arc Vortex Compressor.
Appl. Sci. 2024, 14, 2262. https://
doi.org/10.3390/app14062262

Academic Editor: Giovanni Bernardini

Received: 8 February 2024
Revised: 27 February 2024
Accepted: 28 February 2024
Published: 7 March 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Mechanical and Electrical Engineering, Anhui Jianzhu University, Hefei 230601, China;
qiming340@stu.ahjzu.edu.cn (C.Q.);

2 Guogqi Pujin Intelligent Technology Co., Ltd., Anging 246000, China

*  Correspondence: huangl75@126.com

Abstract: (1) To address issues such as a low compression ratio and severe leakage in uniform wall
thickness vortex compressors, this paper adopts a new scroll compressor model with a variable
diameter double arc combined profile, which has a larger pressure ratio and smaller leakage than the
scroll compressor with equal wall thickness that can bring new ideas and methods to the research
in the field of scroll compressors. (2) This paper determines the theoretical equation of the variable
diameter dual circular arc vortex profile and the combined profile, and infers mathematical models
for the leakage line length, working chamber volume, and gas leakage per unit rotation angle of the
vortex compressor, followed by simulation. (3) The results show that compared to the uniform wall
thickness involute profile, the variable diameter dual circular arc combined profile model reduces
the leakage line length by 25%, increases the average total pressure at the working chamber outlet
by 2.38%, and decreases the leakage amount by 3.2%, consistent with theoretical analysis. (4) The
tangential leakage caused by the radial gap in the variable diameter dual circular arc combined profile
model has a significant impact on the uneven distribution of temperature and velocity fields in the
working chamber of the vortex compressor, but a smaller impact on the pressure field.

Keywords: vortex compressor; combined profile; tangential leakage; numerical simulation

1. Introduction

As the core equipment of refrigeration systems, vortex compressors have the advan-
tages of small size, light weight, and low noise, and are widely used in the field of cold chain
transportation. When vortex compressors operate under complex conditions, they often
require a larger compression ratio. Using traditional uniform thickness and a combined
profile for structural design results in more compression chamber numbers and leakage
line lengths, leading to increased difficulty in processing the dynamic and static vortex
teeth, higher work consumption, and exacerbated gas leakage losses. Additionally, due
to the unique structure and motion patterns of vortex compressors, it is difficult to obtain
the transient distribution laws of various state fields in the working chamber and leakage
characteristics through experimental testing. Therefore, optimizing the vortex profile and
using efficient and reliable finite element analysis methods to simulate gas flow and leakage
characteristics in the chamber to improve the reliability and volumetric efficiency of vortex
compressors has become a recent research hotspot.

In the design and optimization of vortex profiles, Emhardt [1] proposed a vortex
tooth profile with gradually decreasing wall thickness from the tooth head to the tail.
The distribution of various state fields and the stress—strain situation of the vortex teeth
were studied using numerical simulation methods. Zhu [2] established two types of
variable base circle profile equations based on whether the involute angle starts from the
x-axis, comparing the relationships between the two variable base circle profiles, tooth
head modification equations, and their impact on compressor performance. Literature [3]
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established a comprehensive mathematical model of a variable wall thickness profile
combining base circle involute, higher-order curves, and circular arcs, and analyzed the
variation laws of state parameters during operation in detail. Literature [4,5] proposed a
vortex compressor profile composed of variable radius base circle involutes, controlling
related coefficients through mathematical modeling methods and analyzing the geometric
performance of different variable wall thickness vortex compressors.

In studying the working fluid flow and leakage characteristics inside the vortex com-
pressor chamber, Sun [6,7] and others established a three-dimensional model of a dual
vortex ring compressor and a thermodynamic model during operation. Computational
Fluid Dynamics (CFD) moving grid technology was used to simulate the fluid flow in the
working chamber and build a test bench to validate compressor performance parameters.
Literature [8-10] established a three-dimensional flow field model for uniform wall thick-
ness vortex compressors, using a triangular prism unstructured grid for division. Based on
CFD moving grid technology, the unsteady flow of the working fluid in the vortex com-
pressor was numerically simulated, revealing the flow mechanism of the working fluid in
the chamber. Literature [11] constructed a thermodynamic model of an oil-free compressor,
using the Euler method to solve the variation laws of various performance parameters in
the compression chamber, developed variable speed performance testing, and analyzed
the impact of heat transfer and leakage on performance parameters. Literature [12,13]
established transient performance analysis models and thermodynamic models for leakage
areas based on the thermodynamic principles and geometric shapes of vortex compressors.
Stevanovic [14] and others focused on the performance and reliability issues of vortex
compressors, where a numerical model of the rotor-bearing-frame system was established
through the coupling of the Reynolds equation, rotor dynamics equations, and frame flexi-
bility equations, optimizing the profile of the vortex compressor. Li [15] established and
validated a numerical calculation and analysis of three-dimensional transient flow inside
a high-speed vortex refrigeration compressor, addressing the issue of insufficient radial
gap grid density. Fang [16] established a mathematical model of a vortex disk with a base
circle involute-higher-order curve combined profile, conducting finite element analysis
on the geometric structure and dynamic characteristics of the vortex disk. Literature [17]
measured the back pressure level of an asymmetric algebraic vortex compressor experimen-
tally, studied other factors affecting back pressure, developed a mathematical model of the
vortex compressor to determine the impact of leakage through profiles and radial gaps, and
calculated the pressure distribution at the tip using interpolation. Literature [18] proposed
a principle of vortex profile mechanism based on the center of natural time involute and
the meshing area in the contour design theory of vortex compressors, and the performance
characteristics of various involutes were studied accordingly.

In summary, the aforementioned scholars have made certain research achievements
in optimizing vortex compressor profiles and simulating the flow and leakage character-
istics of working fluid in compressor chambers. However, at the current stage, uniform
wall thickness vortex profiles have a small compression ratio and serious leakage, while
traditional combined profiles have complex and error-prone theoretical calculations for
joint point coordinates, leading to difficulties in connection and manufacturing [19,20].
This paper adopts a new model of a variable diameter dual circular arc combined profile
vortex compressor. By analyzing the baseline drawing process and general theoretical
equations of the new combined profile, a mathematical model for geometric performance
indicators such as stroke volume and leakage line length is established. The flow field
characteristics of the new variable diameter dual circular arc combined profile working
chamber are analyzed, controlling relevant parameters, introducing uniform wall thickness
vortex compressors, and using CFD software (21.1.0.) to explore the transient distribution
of pressure, temperature, and velocity of the working fluid in the working chamber. The
dynamic characteristics of the working chamber are summarized according to the variation
in the main shaft angle, and a comparative analysis of the dynamic performance parameters
and leakage performance indicators of the vortex compressor is conducted. The research
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process and results provide a theoretical basis for the structural design and performance
improvement of vortex compressors. To resolve the problems of small compression ratios
and severe leakage in uniform thickness compressors, a novel approach is provided.

2. Mathematical Model of Vortex Compressor Profile
2.1. General Control Equation of the New Variable Diameter Dual Circular Arc Combined Profile

Variable diameter designs reduce such leakage, thereby enhancing compressor effi-
ciency. Further, by optimizing the compression chamber’s structure to minimize internal
leakage and altering the vortex disk’s shape, the pressure distribution within the compres-
sion chamber can be made more uniform, reducing internal leakage caused by pressure
differences and improving volumetric [21]. The head and tail baselines of the new variable
diameter dual circular arc combined profile are composed of an involute of a circle with
radius R;, while the middle part is replaced by an involute of a circle with radius R;,. The
equations of the first and third baseline segments are the same, as shown in Equation (1).
The domain of definition for the first segment is ¢ € [0, ¢1], the domain of definition the
third segment is that ¢ € [¢ + 217, @e].

X(¢) = Rycosp + Ry gsing 1)
Y(¢) = Rysing—Rypcosg

The second segment of baseline equation is shown in Equation (2), and its domain of
the third segment is that ¢ € [¢q, @1 + 2np71].

X(¢) = Ra[cosg + (¢ — 0)sing]
—(Ra—Rq)(cos@i + @15ingq) + Rybsing;
Y(¢) = Ro[sing — (¢ — 6)cosg]
—(R2—Rq)(singy — ¢1cosgy) — Roficosgy

()

Equations (1) and (2) normal isometric method can be derived from the theoretical
equations of the inner and outer wall profiles of the scroll teeth. The first section of the
dynamic and statics scroll tooth inner wall profile equation is shown in Equation (3).

X(¢) = Ry(cosg + ¢sing) + %Rorsimp .
Y(p) = Ry(sing — gcosep) — %RorCOSq)

The equation of the outer wall profile of the first segment of dynamic and static vortex
teeth is shown in Equation (4).

{X(q)) = Ry(cosg + @sing) — %Rorsinqo @
Y(¢) = Ry(sing — gcose) + 3 Rorcosg

The second and third segments of the inner and outer wall profiles are obtained in the
same way.

2.2. Formation Process of the New Variable Diameter Dual Circular Arc Combined Profile

Using the data in Table 1, two different base circle radii are used to form the involutes
shown as F; and F; in Figure 1a. Here, the involute F; at ¢1, (¢1 + 2n17) corresponds
to coordinates A and B in the two-dimensional plane; involute Fp at ¢, (¢ + 2np7)
corresponds to coordinates C and D. The involute F; is rotated counterclockwise around
the base circle center by 0 € (92 — ¢1), and then offset to coincide with points A and B, as
shown in Figure 1b. The complete baseline is shown in Figure 1c.
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Table 1. Related parameters of variable diameter double arc combined profile.

Parameters Values

Base circle radius R; /mm 3.2

Base circle radius Ry, /mm 6.4
Number of turns n; 2
Number of turns n; 1

Override Start involute Angle ¢4 2n
Override Start involute Angle ¢, s
Rotation angle 0 i

Involute termination angle ¢e 8m

(a)

()] (d)

Equal wall thickness
base circular involute.

Equal wall thickness
ase circular involute

Variable wall thickne
base circular involute

Figure 1. Forming process of variable diameter double arc combined profile.

After the drawing of the variable diameter dual circular arc combined baseline is
completed, the combined baseline is normally offset by a distance of Ror/2 to form the
inner and outer walls of the vortex tooth. By copying the inner and outer wall profiles
and performing a 180° center symmetrical transformation, the inner wall of the static disc
and the outer wall of the dynamic vortex can be obtained. The tooth ends are modified
with dual circular arcs, and the complete two-dimensional drawing of the combined vortex
tooth profile is shown in Figure 1d.

2.3. Performance Analysis of the Working Chamber

In the meshing area of the dynamic and static vortex teeth of the compressor, there is
always a gap to reduce friction and wear between parts [22]. For new volumetric vortex
compressors, axial gaps are usually sealed using sealing strips and coatings. Therefore,
considering only radial gaps and not axial gaps, the size of the radial gap determines the
degree of gas leakage between compression chambers, significantly affecting the compres-
sor’s efficiency and performance. An appropriate control of the vortex disk’s size and gaps
during the design and manufacturing stages can optimize the compressor’s performance,
hence the introduction of a comparative analysis of important parameters such as radial
leakage line length, stroke volume, unit rotation angle, and radial gas leakage amount.
However, if the radial gap is too small or nonexistent, the compressor cannot operate
smoothly; if it is too large, it causes adverse effects such as gas tangential leakage, chamber
air pulsation, and rapid temperature rise. Therefore, important parameters like radial
leakage line length, stroke volume, unit rotation angle, and gas radial leakage amount are
introduced for comparative analysis.
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The general theoretical equation for the radial leakage line length of the combined
profile vortex compressor is shown in Equation (5):

5 <P1( +y/2)1/2dgo
+ ffP1+2n27r( +y,2)

T (zLJrznzn( +y/2) V! (Ryp)de
2
+ o [Ralg — 9>]d¢+ oy (Rig)de

where x and y are the equations for the horizontal and vertical coordinates of the baseline.
The general theoretical equation for the stroke volume V), of the combined profile
vortex compressor is shown in Equation (6):

Vi, = 2S3(@)h (6)

S3(¢) = Ropl + & = {/: (xg +y/§) %ﬂ + [R(6% ) — R(8 * n)]}RO, (7)

where S(g) is the cross-sectional area of the suction chamber, [ is the corresponding length
of the vortex generatrix of the chamber,  is the area reduced by the movement of the
moving disk.

The theoretical results are shown in Table 2. It can be observed that the stroke volumes
of the uniform thickness and combined profile vortex compressors are equal. However,
the leakage line length of the optimized new variable diameter dual circular arc combined
profile is significantly less than that of the uniform thickness involute profile, with the
radial leakage line length being reduced by 25% in comparison. When different working
fluids in the chambers sequentially and continuously complete the compression process as
the main shaft rotates, the radial engagement points along the leakage line length start from
the involute development angle to the starting angle, completing the entire engagement
process. It can be inferred that the shorter the leakage line length, the fewer the number of
radial engagement points, thus reducing the volumetric loss caused by gas leakage through
the radial gap.

Table 2. Geometric properties related parameters.

Leakage Line Stroke . .
Parameters Length/mm Volume Radial Engagement Points
Numerical value(D) 1010.65 236,756.6 6
Numerical value(B) 757.99 236,756.6 8

The simplified radial clearance leakage model is shown in Figure 2. The radial leakage
height is scroll-tooth height H, and the width at the clearance is changing state, that is dr,
dy1, dyp. Assuming that the average value of the radial clearance is d,. The gas flow at the
radial gap conforms to the one-dimensional steady flow.

The energy equation is shown in Equation (8).

dh + %dvz =0 (8)

The tangential leakage velocity gas from neighboring compression cavities is shown
in Equation (9) as follows.

Vi=/2(h; — hit1) ©)
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The tangential gas leakage per unit rotary angle is shown in Equation (10).
dmlri _ arpi(e)HrH
i = SRR [20ha(6) — i (6)] (10)

where p;(0) is the instantaneous density of the gas in the working chamber, w is the
rotational speed of the main shaft, a is flow coefficient, H is leakage length.

Static scroll

dr2

dr1
dr

Orbiting scroll
Figure 2. Simplified model of radial clearance leakage.

3. Establishment of the Fluid Domain Model

A vortex compressor is a type of fluid machinery that compresses gas by the eccentric
rotation and translational motion of a vortex disk, driven by the main shaft, meshing
with a static vortex disk [23]. During operation, several closed and symmetrical crescent-
shaped volumetric spaces are formed between the dynamic and static vortex disks. As
the main shaft rotates, these crescent-shaped volumes continuously move towards the
center, thus realizing gas intake, compression, and exhaust. Figure 3 shows the fluid
domain model of the combined profile and uniform wall thickness vortex compressor,
including symmetrically arranged suction chambers, compression chambers, and exhaust
chambers. Here, the involute development angle in the range (0, 27r) corresponds to the
exhaust chamber, (27, 671) to the compression chamber, and (67, 87) to the suction chamber.
The basic parameters of the fluid domain model are as listed in Table 3. In this paper,
the maximum tip speed of the variable diameter dual circular arc vortex compressor is
21.049 m/s, which is subsonic. Under subsonic conditions, the vortex compressor does not
generate shock waves.

(a) \\ (b) \\
Exhaust chamber Exhaust chamber
Compression chamber —
%()milmg scroll / Orbiting scroll
i ¢ \ \ /
Ps P2 2 P1

Pi: Mark points oo pi 4
1: Mark point
\ w W I
Static scroll .
Static scroll
Inspiratory chamber Inspiratory chamber

Figure 3. Fluid domain model of working chamber. (a) Fluid domain of combined profile vortex
compressor; (b) fluid domain of uniform wall thickness vortex compressor.
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Table 3. Comparison of basic parameters of vortex compressor.

Parameters Numerical Value (D) Numerical Value (B)
Base circle/mm Ry1 =32 R1=32,Ry=64
Rotation radius/mm 6.67706433 6.67706433
Radial clearance/um 25 25
Tooth height/mm 40 40
Inlet pressure/Pa 101,325 101,325
Inlet temperature/k 300 300
Outlet pressure/Pa 101,325 x 4 101,325 x 4
Speed /r-min ! 3000 3000

4. Finite Element Preprocessing
4.1. Structured Grid Division

The dynamic vortex tooth’s base circle center revolves around the static vortex tooth’s
base circle center, continuously compressing the fluid in the chamber. Therefore, Compu-
tational Fluid Dynamics (CFD) moving grid technology is used for dynamic simulation,
where the fluid domain grid is compressed or stretched as the dynamic vortex disk moves,
and the gap between dynamic and static vortex teeth is only a few tens of micrometers [24].
Thus, selecting the appropriate grid type for dividing the fluid domain of the compression
chamber is significant for improving computational accuracy and efficiency.

This paper, based on CFD software, utilizes an automated right-angle Cartesian grid
generator for setting related parameters, completing the division of the working chamber’s
fluid domain grid, and ensuring the boundary fitting of the area to guarantee the accuracy
and reliability of the simulation results. Since the inlet and outlet boundary conditions do
not move during the solution process, and the grid quality requirement is not high, only
the inlet and outlet fluid domains are divided to improve the efficiency of the solution. The
overall grid division of the combined profile and uniform wall thickness three-dimensional
fluid domain model is shown in Figure 4.

()

Deformation Deformation Al arer
surface /lmakc area (b) surface /‘ Intake area

Radial
Radial clearance [§
clearance

. Outgessing area
Outgassing area 8 g area

s e
Partial enlargrd view of radial clearance Partial enlarged view of radial clearance
Figure 4. Working cavity fluid domain grid. (a) Fluid domain grid of combined profile vortex
compressor; (b) fluid domain grid of uniform wall thickness vortex compressor.

4.2. Boundary Conditions

This paper assumes that the gas inside the working chamber of the vortex compressor
behaves as an ideal gas. Vortex compressors have a complex structure, and the gas flow
during operation generates vortices. To achieve higher credibility and accuracy in a wide
range of flows, the RNG k-¢ turbulence model is chosen. Considering the temperature
changes in the gas during compression, the energy equation is enabled. With high-speed
and high-pressure gas flow in the chamber and a finely resolved grid, a high-accuracy, fast-
converging coupled solver is chosen. The fluid domain model of the vortex compressor is
complex, and to quickly meet convergence criteria, coupled initialization is used, applying
different solution methods for initial value assignment.
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The solution equations for the RNG k-¢ turbulence model are as follows:

%/ pde+/p((v—vg)-n)kdU—/(y—i—];;)(Vk-n)dU—i—/(Gt—ps)dQ (11)
Q) 7 o

2 [ pedQ+ [ p((v—ve) - n)edo =

Qf(t) 2 (12)
/ (H + %)(Vs : n)d‘”L(f) <61Gf% —2(RNG) 'p%>d0
[
rooou';
k=3 -v), e=2(5-5y), 8 = §<aa§f * 317)
k2
pe = pCu’s 13)

/ aui

G = —o' i .

CunP(1—
2(RNG) = + %ﬁ’g/’m)ln _ %\/ﬁ

where k is the turbulent kinetic energy, o is the turbulent energy prandtl number, valued
at 1, e is the turbulence dissipation rate, o, is turbulence dissipation rate prandtl num-
ber, valued at 1.3, v/ is turbulence fluctuation velocity, s/ ij is the stress strain, y; is the
turbulent viscosity, G is the turbulent kinetic energy (k) production term, Co(RNG) is the
correction coefficient.

4.3. Grid Sensitivity Test

The crux of grid sensitivity testing lies in the relationship between grid density and
accuracy. Theoretically, a finer grid results in higher accuracy of the solution. This is
because smaller grids can better approximate complex geometries and capture local physi-
cal phenomena [25]. However, considering computational costs, as the number of grids
increases, so does the computational time. Moreover, beyond a certain level of refinement,
the incremental accuracy becomes less pronounced. Thus, a balance between the number
of grids and accuracy is necessary. In finite element analysis, finding a suitable equilibrium
between computational scale (number of grids) and accuracy is crucial. This often involves
minimizing computational resources while ensuring result reliability. Figure 5 shows the
trend of exhaust mass flow and radial gap layers as a function of grid quantity, indicating
that changes in exhaust mass flow with an increase in grid count are minimal with a stan-
dard deviation of 8.5 x 10~°, suggesting low variability. Therefore, the number of grids
has a minor impact on simulation outcomes, with 61,207 grids being closest to the dataset’s
average, suggesting that selecting seven layers of radial gaps in the working chamber’s
fluid domain for numerical simulation is most cost-effective and reliable.

0.0127 —m—Qutlet Mass Flow 10

- - —Average Outlet Mass Flow

—v—Number of Radial Clearance Layers v %

=0.0126 - / T
é‘ / il 3
=
e ©
2 00125} \. / 5
[T -
o 416 9
@ / @
= 00124 | E 3
- O ¥ 14
g k5]
b4 n 14 &

0.0123 1 / o i £

¥ Z

0.0122

1 1 1 1 1
0 20,000 40,000 60,000 80,000 100,000
Number of Grids

Figure 5. Grid sensitivity test.
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5. Simulation Results and Analysis
5.1. Pressure Field

Figure 6 shows the variation in pressure at a fixed detection point at the radial gap
at the starting position, as the main shaft completes one cycle. The pressure exhibits a
decreasing gradient change when approaching the radial gap, consistent with the cloud dia-
gram. However, as the main shaft rotates, the pressure at the radial gap engagement points
increases as the second compression chamber shifts towards the center. The pressures at
symmetric radial gap engagement points are equal, with a significant pressure difference at
adjacent engagement points. The pressure at the engagement points of the combined profile
vortex compressor is higher than that of the uniform wall thickness vortex compressor.
As the pressure difference between adjacent compression chambers increases, tangential
leakage caused by the radial gap intensifies, but this does not significantly affect the distri-
bution of the pressure field in the working chamber. Therefore, the pressure distribution is
basically uniform in the same compression chamber both radially and axially.

1,400,000 5P o7 T
1,200,000 - ~—01Py 01Py——01P,
1,000,000 -
=
& 800,000 -
@
3
£ 600,000 -
&
400,000 -
200,000 -
0 - L 1 | | .
0 B0 120 180 240 300 360
0/(°)

Figure 6. Mark point pressure curve.

The pressure distribution in the same compression chamber is basically uniform both
radially and axially.

Figure 7 shows the pressure field cloud distribution at different rotational angles
after the working fluid in the working chamber stabilizes. For both the combined profile
and uniform wall thickness vortex compressors, the pressure increases from the suction
chamber to the central exhaust chamber and is symmetrically distributed around the center,
conforming to the theoretical cycle pressure variation. The pressure in the central exhaust
chamber slightly decreases when reaching the exhaust angle due to the outward exhaust,
with a clear pressure difference between adjacent compression chambers. The pressure
distribution within the same compression chamber is uniform in both radial and axial
directions. The maximum pressure in the working chamber of both the combined profile
and uniform wall thickness vortex compressors increases and then decreases as the main
shaft rotates, with the optimized combined profile working chamber having a higher flow
pressure compared to the uniform wall thickness vortex compressor.
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(a) Pressure[Pa] (b) Pressure[Pa)
826,077 766,672
702,769 / 653,247
579,461 539,822
456,153 426,397
332,845 312972
209,537 199,547

86,220 radial direction  axial dirction 86,122 radial direction  axial direction A
0=120° 0=120°
Pressure[Pa] A Pressure[Pa]
1,077,116 1026827 A
912,120 87,023 —
U114 7363 —
582,128 55703 __
417,132 40,043 —
—
252,136 38 -
- . . . 87,245 . . . . . .
¥10  radial direction  axial direction A radial direction  axial direction A
6=240° 6=240°

Pressure[Pa] Pressure[Pa]

951,400 882,074 A
807,137 - 749,387 -
- [
= =
= =
662,874 616,700 —
=
518,611 . 484,013 —
= .
374,348 ] 351,326 —_—
—
— =
= f—
= ] [l

85,822

radial direction  axial direction A 85,952 radial direction  axial direction A

0 =360° 0 =360°

Figure 7. Pressure could map distribution at different corners. (a) Pressure nephogram of combined
profile; (b) pressure nephogram of uniform wall thickness profile.

Figure 7a shows an enlarged view of the radial engagement gap area between the
dynamic and static vortex teeth. The radial gap of the vortex compressor acts as a channel
that is narrow in the middle and wider on both sides. As the eccentric main shaft performs
rotary translational motion, the engagement points of the dynamic and static vortex teeth
continuously move towards the central chamber. Simultaneously, the pressure difference
on both sides of the engagement point gradually increases, showing a decreasing gradient
change in pressure from the high-pressure chamber to the low-pressure chamber at the
radial gap engagement point.

Leakage in the working chamber of vortex compressors leading to unstable pressure
fluctuations further affects the smooth operation and performance stability of the compres-
sor. Figure 8 shows the trend of the total pressure at the inlet and outlet as the main shaft
angle changes during five cycles of operation of the vortex compressor. The total pressure
at the outlet of both the combined profile and uniform wall thickness vortex compressors
shows periodic changes during the second cycle of the main shaft’s rotation, with the trend
gradually stabilizing. When the main shaft angle approaches 290°, the flow cross-sectional
area of the exhaust port is at its maximum, and the total pressure at the outlet reaches its
maximum value. The maximum total pressure at the outlet of the combined profile vortex
compressor is 4.34% higher than that of the uniform wall thickness vortex compressor, and
the average total pressure is 2.38% higher. The average total pressures at the inlet of both
the combined profile and uniform wall thickness vortex compressors are almost equal and
stabilize at 107,380 Mpa. A comparison of the related pressure values is shown in Table 4.
Compared to the uniform wall thickness vortex compressor, the maximum outlet pressure
of the combined profile vortex compressor is increased by 4.34%, and the average total
outlet pressure is increased by 2.38%. Additionally, the total outlet pressure of the variable
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diameter vortex compressor is always higher than the outlet pressure, indicating the ab-
sence of backflow at the exhaust port, thereby reducing leakage losses during operation of
the compressor.

1,000,000 —=—Total Quitlet Pressure(B) —=— Total Inlet Pressure(B) 130,000
—+—Total Outlet Pressure(D) —— Total Inlet Pressure(D)
= 875,000 4125000 -
g z
@ 3
> 750,000 - 4120,000 5
g g
& 625,000 - {115,000 &
2 B
S =
O 500,000 £
= -4 110,000 I}
- o
(o]
F 375,000 | &=
- 105,000
250,000
: : ! : : 1 100,000
0 360 720 1080 1440 1800
1(°)
Figure 8. Comparison of inlet and outlet pressure.
Table 4. Pressure comparison value of different profile.
Parameters Numerical Value (B) Numerical Value (D)
Maximum total outlet pressure/pa 857,706 822,064
Average total outlet pressure/pa 663,460 648,044
Average total inlet pressure/pa 107,405 107,362

Figure 9 shows the trend of mass flow rate at the inlet and outlet over five cycles of
the main shaft’s operation in the vortex compressor. The mass flow rates at the inlet and
outlet exhibit regular changes during the second cycle of operation. As the total pressure at
the outlet reaches its maximum value, the mass flow rate at the outlet also reaches its peak.
The maximum mass flow rate at the outlet of the combined profile is 4.4% higher than that
of the uniform wall thickness profile. During the operation of the vortex compressor, the
processes of suction, compression, and exhaust occur simultaneously. Under the condition
of equal suction chamber volume in both the combined profile and uniform wall thickness
vortex compressors, the length of the leakage line in the uniform wall thickness involute
profile is 25% longer than that in the optimized new variable diameter dual circular arc
combined profile, intensifying tangential leakage during operation. Therefore, the average
mass flow rate at the outlet of the combined profile is 0.74% higher than that of the uniform
wall thickness profile. Additionally, since the working fluid in the vortex compressor is
transient compressible flow, the mass flow rates at the inlet and outlet are not equal.

After the vortex compressor stabilizes in operation, the mass flow rates at the inlet and
outlet per unit rotation angle are not equal. This is mainly due to tangential leakage caused
by the radial gap and the compression of the working fluid in the working chamber by
the vortex teeth, which causes abrupt changes in speed and direction, resulting in vortices
of different sizes. The combined profile vortex compressor has fewer radial engagement
points at any given moment compared to the uniform wall thickness vortex compressor,
hence reducing the gas leakage per unit rotation angle by 3.2%. Specific comparative
parameters of mass flow rates for both the combined profile and uniform wall thickness
vortex compressors are shown in Table 5. The greater the leakage, the less the amount of
gas involved in the actual work of the scroll compressor, and the lower the volumetric
efficiency of the compressor.



Appl. Sci. 2024, 14, 2262

12 of 16

(@) 003

o o
=3 Q
- [N

Mass Flow/(kgs™")
it
8

-0.01

+—Qutlet Mass Fiow(B) —e—inlet Mass Flow(B) (b) el
~—=—Qutiet mass flow(D) —=—inlet mass flow(D) JERUURURRRRRS |
0.010 Vil - o
R A
™\ -fﬁ\\ \ A -
:".o:," \ .: , \\. " §
- if \M /)
a \\/ﬂf f V gooor [/
YRY; S-000st |/
| U’ Unit Return Angle Outlet Mass Flow(B)
¥y v -«=«=-Unit Return Angle Inlet Mass Flow(B)
L}\ 0.010 + Unit Return Angle Outlet Mass Flow(D)
b W - Unit Return Angle Inlet Mass Flow(D)
' A ’e e _0015 L ' 1 ' A
0 360 720 1080 1440 1800 0 360 720 1080 1440 1800

g1°) 0n°)

Figure 9. Mass flow comparison. (a) Comparison of inlet and outlet mass flow; (b) comparison of
mass flow per unit return angle.

Table 5. Comparison of mass flow values of different profiles.

Parameters Numerical Value (B) Numerical Value (D)  Percentage Increase

Maximum outlet

< 0.016757900 0.016058100 44
mass flow /kg-s
Maximum inlet mass 0.012135500 0.012110800 0.2
flow/kg-s
Average outlet mass 0.012394011 0.012302680 0.74
flow/kg-s
Average inlet mass 0011951788 0.011916169 0.2
flow /kg-s
Unit return angle
outlet mass 0.012462031 0.012078838 3.2
flow/kg-s~!
Unit return angle inlet 0.011949693 0.011913969 0.2

mass flow /kg-s~!

5.2. Temperature Field

Figure 10a shows the variation in temperature at a fixed detection point at the radial
gap over one cycle of the main shaft’s movement. As the main shaft rotates, when the radial
engagement point approaches the monitoring point, the temperature at the radial gap
shows a decreasing gradient, transitioning from a high temperature zone above to a lower
temperature zone below. However, due to the pressure difference between adjacent work-
ing chambers causing tangential leakage, the gas in the high-pressure chamber flows into
the low-pressure chamber, leading to temperature fluctuations at the engagement points.
Moreover, the temperatures at symmetric engagement points are not equal, with the com-
bined profile showing greater unevenness in temperature at symmetric engagement points,
and a more noticeable temperature difference between adjacent compression chambers.

As shown in Figure 10b, the exhaust temperature exhibits periodic changes as the main
shaft rotates. Within a single cycle, the exhaust temperature gradually increases and tends
to stabilize. The combined profile vortex compressor reaches thermal equilibrium with the
external environment in the 6-th cycle, with an average temperature tending towards 577 K.
Meanwhile, the uniform wall thickness vortex compressor shows periodic changes in outlet
temperature after 12 cycles, with an average temperature approaching 600 K. After the
vortex compressor stabilizes in operation, at any angle of the main shaft rotation, the outlet
temperature of the uniform wall thickness vortex compressor is slightly higher than that
of the combined profile vortex compressor. Uniform thickness vortex compressors need
to consume more energy to compensate for efficiency losses caused by thermal leakage,
directly leading to a decrease in the overall efficiency of vortex compressors.
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Figure 10. Temperature contrast chart. (a) Temperature curve of marking point; (b) outlet temperature.

Figure 11 shows the distribution of temperature field cloud maps at different rotational
angles after the working fluid in the working chamber stabilizes. It can be seen that the
temperature gradually increases from the suction chamber to the central compression
chamber. Due to tangential leakage caused by the radial gap, the temperature distribution
within a single working chamber is uneven both radially and axially. Furthermore, since
the exhaust area is not located at the center of the working chamber, the temperature
distribution in the symmetric compression chambers is also uneven. As the dynamic vortex
disk moves with the main shaft, the gas in each chamber continuously moves towards the
center. The pressure difference between adjacent compression chambers increases, leading
to more severe tangential leakage closer to the central chamber, which results in a more
pronounced uneven distribution within the chamber. The gas brought by the leakage flow
might have been compressed and heated upstream, causing a local temperature increase
when mixed with the gas in the low-pressure chamber.
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Figure 11. Temperature nephogram distribution at different corner positions. (a) Temperature
nephogram of combined profile; (b) temperature nephogram of constant wall thickness profile.
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5.3. Velocity Field

Figure 12 shows the distribution of velocity vector diagrams at different rotational
angles after the working fluid in the working chamber stabilizes. It can be observed that in
the various working chambers of the vortex compressor, the flow of the working fluid is
smooth, with a flow rate slightly higher than that in the back pressure chamber. During
operation, vortex compressors experience pressure differences, and the speed of the gas
brought by tangential leakage flow might exceed the surrounding gas speed, leading to
an uneven distribution in the velocity vector field. Tangential leakage occurs at the radial
gap between the dynamic and static vortex teeth, where the velocity reaches its peak. The
maximum velocity in the combined profile vortex compressor is 570 m/s, while in the
uniform wall thickness vortex compressor, it is 492 m/s. The higher maximum leakage
velocity in the combined profile is due to the larger pressure difference between adjacent
compression chambers in this design. Vortices appear near the back pressure chamber in
the intake area and at the radial gaps between adjacent compression chambers, caused by
abrupt changes in the velocity and direction of the working fluid. The areas where vortices
occur also exhibit localized high temperatures, making vortices one of the causes of uneven
temperature distribution in the compression chamber.

(a) Velocity magnitude[m/s] (b) Velocity magnitude[m/s]
492 474
410 395

316

0=120° 0=120°

Velocity magnitude[m/s] Velocity magnitude[m/s]
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Figure 12. Distribution of velocity vector diagram at different corner positions. (a) Velocity vector
diagram of combined profile; (b) velocity vector diagram of uniform wall thickness.
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6. Conclusions

(1) Based on the involute theory equation, the theoretical equation of the variable
diameter dual circular arc vortex profile is determined by comparing the drawing process
of the new variable diameter dual circular arc combined profile.

(2) By introducing the uniform wall thickness involute profile, a geometric perfor-
mance calculation model for vortex compressors is established. It is found that the stroke
volumes of the combined profile and uniform wall thickness vortex compressors are equal,
but the leakage line length of the vortex teeth in the combined profile is 25% less than
that in the uniform wall thickness profile. Additionally, a simplified tangential leakage
calculation model per unit rotation angle for vortex compressors is established.

(3) Using CFD moving grid technology, the transient distribution of various state
fields in the working chamber of the vortex compressor is simulated. The study finds that
gas pressure and temperature show an increasing trend from the suction chamber to the
central exhaust chamber, with a decreasing gradient change in pressure and temperature
at the radial gap. The tangential leakage caused by the radial gap has a small impact on
the pressure field but causes significant local unevenness in the temperature field in both
axial and radial directions. The working fluid velocity reaches its peak at the radial gap.
The maximum total pressure at the outlet of the combined profile vortex compressor is
4.34% higher than that of the uniform wall thickness, and the average total pressure is
increased by 2.38%, with a 3.2% reduction in leakage. The limitations in future research on
vortex compressors primarily revolve around the complexity of profile design, inadequacy
in simulating the compression process, and restrictions in calculating leakage quantities.
Future studies will likely optimize the profiles of vortex compressors through mathematical
modeling and computer simulation, establishing more accurate models of the compression
process to better simulate compressor performance under different operational conditions.
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