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Abstract: To study the complex internal flow field variation and output characteristics of a variable base radius scroll expander, this paper uses dynamic mesh techniques and computational fluid dynamics (CFD) methods to perform transient numerical simulations of a variable base radius scroll expander. Analysis of the flow field in the working cavity of a variable base radius scroll expander at different spindle angles and the effect of different profiles, speeds and pressures on the output characteristics of the scroll expander. The results of the study show that due to the periodic blocking of the inlet by the orbiting scroll, the fluid hits the internal walls of the expander at different flow rates, with excessive mechanical losses, resulting in an uneven distribution of the internal flow field. At the same temperature, pressure and scroll plate diameter, the variable base radius scroll expander increases the output torque by 0.046 N·m, the output power by 9.634 W and the isentropic efficiency by 3.8% compared to the fixed base circle scroll expander. As the speed is inversely proportional to the output torque, the isentropic efficiency of the expander tends to increase and then decrease as the speed increases. The density of the fluid is directly proportional to the pressure over a range of pressures. As the pressure increases from 0.6 to 0.9 Mpa, the average mass flow rate and isentropic efficiency increase by 0.02357 kg/s, and 6.61%, respectively.
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Nomenclature



	rb
	The initial radius of the base circle (mm)



	k
	Radius coefficient



	h
	Height of scroll teeth (mm)



	Ror
	The radius of gyration (mm)



	N
	Scroll turns



	f,i
	The inner side of the fixed scroll



	d,i
	The inner side of orbiting scroll



	f,o
	The outer side of the fixed scroll



	d,o
	The outer side of orbiting scroll



	qm
	The mass flow rate of a fluid (kg/s)



	T¯
	The average value of torque (N·m)



	hin
	Inlet Enthalpy



	hout
	Outlet Enthalpy



	hsout
	entropy-enthalpy ratio



	Ft
	Tangential gas forces (N)



	Fr
	Radial gas forces (N)



	Fa
	Axial gas forces (N)



	e.g.




	α
	The angle of involute occurrence (rad)



	φe
	Involute terminal angle (rad)



	ϕ
	The corrected angle of expansion (rad)



	γ
	Correction angle (rad)



	λ
	Effective area factor (rad)





1  Introduction

As a key component of a micro-compressed air energy storage system (CAES), the scroll expander has been the focus of much scholarly attention due to its simple structure, stable operation, and excellent isentropic efficiency [1–3]. Many studies have simulated the internal flow field of scroll expanders by using thermodynamic models or employing CFD methods to investigate changes in the interior flow field of scroll expanders to enhance scroll expander output characteristics [4].

Liu et al. [5] developed a three-dimensional (3D) transient numerical model of a scroll expander to investigate the connection between the external expansion ratio and the transient driving torque of the expander under the same exhaust pressure. The results show that the higher the external expansion ratio, the higher the outlet mass flow rate and transient output torque of the expander. Peng et al. [6] developed two mathematical models of the equal and varying cross-section to investigate the variation of a scroll expander’s fluid field with spindle angle. The results show that the variable section has less internal leakage, higher output, and superior overall performance compared to the equal section expander. Yang et al. [7] used CFD methods and dynamic mesh techniques to numerically simulate a two-dimensional (2D) scroll expander. The results show that the pressure and velocity distribution of the scroll expander is not uniform. Liu et al. [8] developed a 3D transient model of the expander to show the fluctuation of the expander’s internal flow field with spindle angle at various suction temperatures. The results reveal that the axial gas force in the orbiting scroll is inversely proportional to the suction temperature, but the radial and tangential gas forces are proportional. Emhardt et al. [9] performed non-stationary numerical simulations of a variable wall thickness scroll expander to determine the expander’s aerodynamic performance at various pressure ratios. Studies have shown that under-expansion and over-expansion occur in expanders at high and low pressure ratios respectively. The high-pressure ratio leads to increased radial clearance in the expander, resulting in severe internal leakage. Song et al. [10] used CFD to model a scroll expander that had two exhaust designs and analyzed the circling scroll output characteristics under the two exhaust configurations. The results show that the symmetrical exhaust structure has a greater variation in exhaust mass flow rate but a more even flow distribution between the exhaust and back pressure cavities, increasing the output torque of the expander. Feng et al. [11] created a 3D transient model of a small ORC scroll expander to investigate the effect of critical factors on the scroll expander’s performance and to find the best RSM solution. According to research, the unequal velocity distribution in the asymmetrical working cavity results in variable flow velocities in the suction cavity at the orbiting and fixed scroll walls. For the performance of scroll expanders, pressure loads have a greater influence than temperature loads. Sun et al. [12] used CFD methods to validate the thermodynamic model accuracy of an oil-free scroll expander and to analyze the flow and distribution patterns of the working cavity and exhaust pipe. The study found that the pressure in the suction cavity is an important component of the expander’s output efficiency. The flow field is not equally distributed throughout the expander’s working cavity, and there is substantial fluid leakage into the next working cavity, with the majority of the gas going into the exhaust port via the deformation zone. Wei et al. [13] modeled a scroll expander for an ORC waste heat recovery system and carried out 3D non-constant CFD simulations to analyze the vortex flow properties of the suction and expansion cavities in the scroll expander. The results reveal that the orbiting scroll tooth head’s obstructive impact causes a continual shift in the position and amount of pressure distortion at the suction port outlet.

In this paper, we first establish the fluid domain model inside the variable base circle scroll expander and use the dynamic mesh technique and CFD method to study the flow field change law inside the scroll expander with the variable base circle. Then, the changes in gas force and isentropic efficiency are compared separately for the variable base circular profile, the fixed base circular profile, and the combined higher order profile. Finally, the fluctuation of the isentropic efficiency of the variable base circle scroll expander at different speeds and pressures is analyzed.

2  Mathematical Models

2.1 Geometric Models

From the fixed base circle radius involute equation and the conjugate curve meshing condition, the equation of the inner and outer profile of the orbiting and the fixed scroll of the variable base circle scroll expander can be derived [14]. The equation for the fixed scroll disc type line is Eqs. (1) and (2) and the equation for the orbiting scroll type line is Eqs. (3) and (4), respectively. As the scroll profile interferes with the tool during machining causing overcutting, a head correction is required for the orbiting and fixed scroll profile [15,16]. In this paper, a double circular arc plus straight line correction method is used for the correction. The specific design parameters of the orbiting and fixed scroll are shown in Table 1.
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{xf,o=(rb+kφ)cos⁡φ+(rbφ+k2φ2)sin⁡φyf,o=(rb+kφ)sin⁡φ−(rbφ+k2φ2)cos⁡φ(1)

{xf,i=(rb+kφ)cos⁡(φ+π)+[rb(φ+π−α)+k2(φ2−(α−π)2)]sin⁡(φ+π)yf,i=(rb+kφ)sin⁡(φ+π)−[rb(φ+π−α)+k2(φ2−(α−π)2)]cos⁡(φ+π)(2)

{xd,i=−(rb+kφ)cos⁡(φ+π)−[rb(φ+π−α)+k2(φ2−(α−π)2)]sin⁡(φ+π)+Rorcos⁡θyd,i=−(rb+kφ)sin⁡(φ+π)+[rb(φ+π−α)+k2(φ2−(α−π)2)]cos⁡(φ+π)+Rorsin⁡θ(3)

{xd,o=−xf,o+Rorcos⁡θyd,o=−yf,o+Rorsin⁡θ(4)

As shown in Fig. 1, the wall thickness of the scroll tooth is the largest in the central part and the smallest in the outermost part, which can improve the stress condition of the central part and obtain better strength and stiffness [17]. Compared with the scroll tooth with equal wall thickness, its adaptive operating pressure is increased.
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Figure 1: The 3D structure of the orbiting and fixed scroll

2.2 Numerical Models

2.2.1 Mesh Generation

The working cavity and the inlet and exhaust calculation domains have meshed separately in the Mesh module of Workbench. The fluid domain of the working cavity is meshed in multiple zones, and the triangular surface mesh is stretched into a trigonal mesh to ensure the quality of the mesh [18,19]. Hexahedral meshing is applied to the fluid domain of the inlet and outlet to improve the accuracy and speed of computation, and an interface is set at the intersection with the fluid domain of the working cavity. The result and number of meshing are 1567767, as shown in Fig. 2.
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Figure 2: Fluid calculation domain meshing

2.2.2 Parameter Settings

The simulated boundary conditions are as follows:

1.    The boundary conditions are pressure-inlet and pressure-outlet. The inlet pressure is 0.6 MPa, and the outlet pressure is atmospheric.

2.    The fluid medium selected is ideal air.

3.    Open the energy equation, the RNG k−ε model was selected for the physical model setting, and near-wall treatment was adopted.

4.    Since the PISO algorithm can effectively weaken the influence of mesh distortion on the convergence of calculation, this paper uses the PISO algorithm to simulate and solve the transient state of the scroll expander [20]. This algorithm is adopted because it can recalculate the pressure correction gradient at each step. To accelerate the convergence of results and ensure the quality of the mesh, the second-order upwind scheme is adopted in the spatial dispersion except for the Least Squares Cell Based on the gradient.

5.    The DEFINE_GRID_MOTION macro command in the user-defined function of Fluent is used to realize counterclockwise translation of the orbiting scroll around the fixed scroll.

6.    The dynamic grid adapts spring smoothing, 2.5D plane reconstruction, and local plane reconstruction. In the dynamic grid area, the orbiting scroll plate area is set as a rigid body, the upper and lower surfaces of the working cavity are set as a deformation area, and other areas are set as static areas [21,22].

3  Unsteady Flow Field Analysis

3.1 Pressure Field Analysis

The pressure field distribution of a variable base circle radius scroll expander at different spindle angle positions is shown in Fig. 3. When the spindle angle of rotation is π/2, the orbiting scroll does not shade the air inlet, resulting in a more uniform pressure distribution and a lower degree of asymmetry in the symmetrical working cavity. The pressure from the central suction cavity to the exhaust cavity decreases from high to low. When the spindle angle of rotation is π, the high-pressure air continues to enter the suction cavity through the air inlet, and the orbiting scroll plate tooth head begins to obscure the air inlet, resulting in uneven pressure distribution in the expansion cavity. When the spindle angle of rotation is 3π/2, the scroll expander suction is complete. Due to the shielding effect of the orbiting scroll on the air inlet, the high-pressure air does not flow into the suction cavity equally, which leads to the uneven pressure distribution in the suction cavity that the degree of asymmetry increases. When the spindle angle of rotation is 2π, the scroll expander begins to inhale, and the gas in the expansion cavity expands. The swirling flow in the working cavity and the eccentric rotating motion of the orbiting scroll result in an unequal distribution of pressure in the suction and expansion cavities.
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Figure 3: Pressure field distribution of scroll expander

3.2 Velocity Field Analysis

The velocity field distribution of a variable base circle radius scroll expander at different spindle angle positions is shown in Fig. 4. When the spindle angle of rotation is π/2, the air inlet is completely opened and the orbiting scroll has no shelter for it. Therefore, the distribution of gas flow velocity is uniform and the degree of asymmetry is small. When the spindle angle of rotation is π, the orbiting scroll can block the air inlet. The uneven distribution of gas velocity is increased because of the existence of swirling flow in the working cavity. The maximum speed is 548 m/s at the meshing clearance. When the spindle angle of rotation is 3π/2, the phenomenon of swirling flow caused by throttling and wall obstruction increases. As a result, the uneven distribution of gas flow velocity becomes more obvious. When the spindle angle of rotation is 2π, the scroll expander begins to inhale that the air inlet is gradually opened, the phenomenon of swirling flow in the working cavity is reduced and the unevenness of gas flow velocity distribution is reduced.
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Figure 4: Velocity streamline diagram of scroll expander

3.3 Temperature Field Analysis

The temperature field distribution of a variable base circle radius scroll expander at different spindle angle positions is shown in Fig. 5. When the spindle angle of rotation is π/2, the temperature of the suction cavity is highest. The temperature of the fluid in the expansion cavity near the suction cavity is higher due to the squeezing effect of the orbiting scroll teeth, while the temperature of the fluid near the exhaust cavity decreases under the expansion effect. Due to the high velocity of the mass hitting the wall of the scroll plate during the exhaust process a high gas pulsation is generated, resulting in a higher local temperature in the back pressure cavity than in the exhaust cavity. When the spindle angle of rotation is π, the degree of asymmetry of temperature field distribution decreases. Because of the swirling flow in the working cavity, mechanical dissipation raises the temperature in the working cavity. When the spindle angle of rotation is 3π/2, the temperature of the suction cavity fluctuates, with the temperature of the suction cavity near the inlet side being greater than the temperature of the symmetrical suction cavity. When the spindle angle of rotation is 2π, the temperature asymmetry distribution is obvious that the overall temperature distribution gradually decreases from the suction cavity outward. Due to the blocking of the inlet port by the tooth head, the fluid enters the suction cavity in the form of swirl flow under the larger flow resistance, and the incoming mass hits the end plate of the orbiting scroll along the axial direction of the suction cavity, so that the mass flow rate drops rapidly as well as forming a local high-temperature zone in the working cavity, and its axial temperature distribution rises non-uniformly.
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Figure 5: Temperature field distribution of scroll expander

4  Unsteady State Performance Analysis

4.1 Evaluation Indicators for the Output Characteristics of Scroll Expanders

The scroll expander’s performance is primarily measured in terms of gas force, output torque, output power, and isentropic efficiency, with the last being the most important indication [23,24]. The significance of the isentropic efficiency lies in the degree of perfection of the expansion process of the fluid in the expander, and the size is equal to the ratio of the actual enthalpy drop to the enthalpy drop of the isentropic process [25,26]. The tangential pressure differential in each expansion cavity causes the amount of the scroll expander’s output moment, which is equal to the difference between the tangential torque and the frictional torque [27,28]. The output torque, output power, isentropic efficiency, and average torque of a scroll expander can be calculated using Eqs. (5)–(8) [29]. As shown in Fig. 6, the orbiting and fixed scroll discs are mainly subjected to radial gas forces, tangential gas forces, and axial gas forces [30,31].
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Figure 6: Schematic diagram of gas forces in orbiting and fixed scroll

T=Ft⋅Ror(5)

P=T⋅ω=T⋅2πn60(6)

T¯=∫02πT(θ)dθ(7)

η=hin−houthin−hsout=Pqm(hin−hout)(8)

4.2 Effect of Different Scroll Profiles on Scroll Expander Performance

Using compressed air as the fluid mass, the scroll profile is a fixed base circle profile, a variable base circle profile, and a combined high sub-curve profile, as shown in Table 2. Study of transient gas forces, output torque, and output power as a function of spindle rotation angle for expanders with different type lines. As can be seen in Fig. 7, the orbiting scroll tooth head shades the inlet orifice periodically as the fluid enters through the inlet, causing large fluctuations in gas forces. The combined high sub-curve has fewer scroll turns compared to the fixed and variable base circles, and the scroll plate has a smaller force area, so its axial forces are much smaller compared to the other two profiles. As the suction high-pressure gas continuously enters the suction cavity, the temperature of the suction cavity rises, the air density decreases, the leakage flow decreases, the pressure difference between the two adjacent working cavities increases, and the tangential and radial gas forces acting on the orbiting scroll increase.

[image: images]

[image: images]

Figure 7: Transient gas force variations in the scroll expander

As can be seen in Table 3, the variable base circle scroll expander has an increased output torque of 0.046 N·m, an increased output power of 9.634 W, and an increased isentropic efficiency of 3.8% compared to the fixed base circle scroll expander, while ensuring that the overall dimensions of the expander remain unchanged. The combination of high sub-curves with fewer scroll turns for the same scroll plate diameter results in lower volumes, so that their output torque, output power, and efficiency are lower than those of fixed base circular scroll expanders.
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4.3 Effect of Different Speeds on Expander Performance

As shown in Table 4, different rotational speeds are set to study the variation of the expander’s inlet mass flow rate, output torque, and output power with spindle angle at various rotational speeds. As can be seen in Fig. 8, when the expander inlet pressure and temperature remain constant, the scroll expander with the speed increase inlet flow rate is increasing, which is due to a certain inlet area, the scroll expander speed increase will accelerate the flow rate of the mass, while the relative change in gas density is not significant, increasing the flow rate of the mass. When the speed goes up from 1500 to 3000 rpm, the average flow velocity rises from 0.05396 to 0.08994 kg/s in one cycle. As the orbiting scroll rotates flat around the base circle of the fixed scroll, the orbiting scroll rotates in such a way that it blocks the air inlet, thus creating a throttling phenomenon that makes the inlet flow fluctuate widely within the same cycle.
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Figure 8: Scroll expander inlet flow vs. speed

When the expander’s input and exit pressures are maintained constant, as shown in Fig. 9, the output torque falls as the expander speed rises. The output power of the expander is mainly influenced by the speed and output torque together, with the speed increasing, the output power gradually increases, but the output torque is inversely proportional to the speed. The output power starts to decrease under the action of the output torque, the overall trend is first increasing and then decreasing. The expander’s isentropic efficiency rose by 2.69% when the speed was increased from 1500 to 3000 rpm.
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Figure 9: Variation of scroll expander output performance with speed

4.4 Influence of Different Inlet Pressures on Expander Performance

As shown in Table 5, different inlet pressures were set to study the output performance of the expander at different inlet pressures. As can be seen from Fig. 10, when the expander speed and outlet pressure are kept fixed, the density of the work mass at the inlet will keep increasing with the pressure at a certain speed, while the speed will change less relative to the density, thus leading to an increase in mass flow. In one cycle, the average flow rate rises from 0.05603 to 0.07960 kg/s as the inlet pressure rises from 0.6 to 0.9 Mpa.
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Figure 10: Flow rate vs. pressure at the inlet of a scroll expander

As shown in Fig. 11, when the speed of the expander and the outlet pressure remains constant, with the increasing air intake pressure the expander output torque and output power rise, this is due to the ideal working process of the scroll expander being the isentropic expansion process, when the end-of-expansion pressure is certain, the increase in the inlet pressure will lead to an increase in the temperature difference between the import and export, thus increasing the output work. The isentropic efficiency of the scroll expander increases slowly with the increase in expander inlet pressure and increases by 6.61% when the expander inlet pressure increases from 0.6 to 0.9 Mpa.
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Figure 11: Variation of scroll expander output performance with pressure

5  Conclusion

This paper takes a variable base radius scroll expander as the object of study. Transient numerical simulations are carried out using dynamic mesh techniques and CFD methods to derive the internal flow field distribution pattern and transient output performance.

1. The variable base circle scroll expander has an asymmetric distribution of pressure, velocity, and temperature in the working cavity. The pressure gradually decreases from the suction cavity to the exhaust cavity, and there is tangential leakage at the scroll plate engagement, leading to a sharp increase in pressure loss and negative pressure phenomenon. There are varying degrees of swirling in the working cavity and large flow pulsation losses, which increase mechanical dissipation and lead to a gradual decrease in local temperature not from the suction cavity to the exhaust cavity.

2. While keeping the overall size of the expander unchanged, the output torque of the variable base circle scroll expander is increased by 0.046 N·m, the output power is increased by 9.634 W, and the isentropic efficiency is increased by 3.8% compared with that of the fixed base circle scroll expander. The combination of high sub-curves with fewer scroll turns in the same size results in a lower volumetric ratio, such that its output torque, output power, and efficiency are lower than that of a fixed-base circular scroll expander.

3. The circling scroll blocks the air intake as it spins, causing significant changes in the scroll expander’s inlet flow throughout one cycle. The average mass flow rate rose by 0.03598 kg/s and the isentropic efficiency increased by 2.69% when the spindle speed was raised from 1500 to 3000 rpm. When the inlet pressure was grow from 0.6 to 0.9 Mpa, the average flow rate raised increased by 0.02357 kg/s, and the isentropic efficiency increased by 6.61%.
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Table 1: The specific design parameters of the orbiting and fixed scroll

The basic parameters The parameter value
The initial radius of the base circle 3.5

Radius coefficient —0.07

The angle of involute occurrence 0.72

Scroll body wall thickness 2~8

Height of scroll teeth 33.5

The radius of gyration 5.854

Involute terminal angle 5.2

Scroll turns 2.35

The corrected angle of expansion 0.567

Correction angle 0.327
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Table 3: Performance comparison of scroll expanders of different configurations

Scroll profile types Output torque (N-m)  Output power (W) Isentropic efficiency
FBC 3.265 683.820 0.419
VBC 3.311 693.454 0.457
CHSC 2.567 537.631 0.316
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Table 4: Different rotational speed parameter settings

Working Inlet pressure (Mpa) Inlet temperature (K) Outlet pressure (Mpa) Rotational
conditions speed (rpm)
Cl 0.8 400 0.1 1500

C2 0.8 400 0.1 2000

C3 0.8 400 0.1 2500

C4 0.8 400 0.1 3000
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Table 2: Parameter settings for different scroll profiles

Parameter name Fixed base circle (FBC) Variable base circle (VBC) Combined high
sub-curve (CHSC)

Inlet pressure (Mpa) 0.8 0.8 0.8

Exhaust pressure (Mpa) 0.1 0.1 0.1

Inlet temperature (K) 400 400 400

Scroll plate diameter (mm) 113 113 113

Scroll turns 2.35 2.35 2
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Table 5: Parameter settings for different pressures

Working Inlet pressure (Mpa) Inlet temperature (K)  Outlet pressure (Mpa) Rotational
conditions speed (rpm)
S1 0.6 373 0.1 2000

S2 0.7 373 0.1 2000

S3 0.8 373 0.1 2000

S4 0.9 373 0.1 2000






OEBPS/Images/copy.png





OEBPS/Images/FHMT_41793-fig-3.png
Exhaust Back pressure Pressure

Pressure cavity cavity 599733
596733 557018
- 557018 514304
G434 471589
4115 428875
428875 286160
386160
e 343446
300731 300731
- 258017 258017
215302 215302
172587 172587
120873 120873
87158 87158
44444 F
e Expansion SL]CT-IOI] :;:;4
4095 cavity cavity 40985
Pal L =" [Pa]
Pressure Pressure
500008 600008
557275 557275
s14542 514542
471800 471809
429076 420078 @
286344 386344
343611 343611
300878 300878
258145 258145
215412 215412
172679 172679
129946 120046
87213 87213
44480 44480 ,
1747 1747 L
40985 40985 .
Pal [} 05 so8 im) [Pa] S - ' - 208 mt

a0is 008

(c)0=37/2 do=2x





OEBPS/Images/FHMT_41793-fig-7.png
3000 :

T T T T T T T 250
2800 = 200
Z 2600 - =—FBC . Z 150 -
> —e—VBC 2
:_J —A— CHSC 2
S 2400 o s < 100 4
w»
2 <
& oy
| ]
& 2200+ E g 50
< &
2000 - W A 0
1800 T T T T T T T T -50 T
0 1 2 3 4 5 6 7 7
Spindle rotation angle (rad) Spindle rotation angle (rad)
(a) Axial gas forces (b) Radial gas forces
800
. 700 -
&
£ 600 4
£
&
2 500 -
o0
=
£ 400
kg
o0
E
= 300~
200

Spindle rotation angle (rad)

(¢) Tangential gas forces





OEBPS/Images/fhmt-logo.png





OEBPS/Images/FHMT_41793-fig-9.png
Output torque T/(N-m)

3.0+
9
28| 9 d & s
26| ’
9 _ G
241 ° 1660 2 z o—
L = 5 0.46 4 / °
2.2 *) z .E o
20 4640 % g /
= 2
- s =3
1.8 B £ 044- @
1.6 Y 4620 2 s
14 F 00 0.42 4
12 F o
of @
1 1 1 1 1 1 1 1 1 580 0.40 T T T T T T T T
1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200
Rotational Speed »/(rpm) Rotational Speed n/(rpm)

(a) Output torque and output power (b) Isentropic efficiency





