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Abstract: In order to study the matching characteristics of the positive displacement air compressor
and the PEMFC (proton exchange membrane fuel cells), air supply subsystem, the basic operating
performance parameters of the scroll and single-screw air compressors were analyzed with the
focus on the oil-free double-wrap scroll compressor. According to the thermodynamic model and
three-dimensional unsteady-state numerical simulation, the variation of the temperature, pressure,
and velocity was obtained. Besides, under the rated operating condition of the compressor, the inlet
and outlet mass flow rate of the fluid in the working chamber with the orbiting angle of the crank was
achieved. Based on the built test platform, the actual working process of scroll and screw compressors
was analyzed. This study indicates that the volume flow can be significantly increased by improving
the speed of the positive displacement compressor. Based on the experimental measurement, when
the height of the scroll tooth of the scroll compressor increases by 5 mm, the volume flow of the
prototype SC2 increases by 0.17 m3/min and the exhaust temperature is reduced by 13 °C at the
rated speed.

Keywords: PEMFC; positive displacement compressor; scroll compressor; screw compressor; com-
putational fluid dynamics; test research

1. Introduction

The HFC (hydrogen fuel cell) system is a device that converts part of the difference of
the chemical energy of the water vapor molecule and the hydrogen molecule and oxygen
half molecule into electrical work [1]. Its end product is water which does not affect the
environment, and oxygen (one of its raw materials) can be obtained from the air [2]. Thus,
this system can reduce the cost of the entire fuel cell system. The main component of the
HFC system is the air supply subsystem. The airflow and intake pressure largely determine
the power generation efficiency and power generation capacity of the entire system. Since
the discharge pressure of the positive displacement air compressor is handy to control, the
compressor can meet the needs of higher intake pressure of the HFC air supply subsystem
for vehicles. As typical positive displacement compressors, scroll and screw compressors
are more suitable for HFC power generation systems of vehicles with a stacking power of
less than 100 kW. With the maturity of oil-free compressor technology, oil-free compressors
can be applied in hydrogen fuel cell power generation systems that require extremely high
air quality [3,4].

With few working parts, a simple structure, and favorable force balance during
working, the CP-type single-screw compressor can be applied to the vehicle PEMFC
system [5,6]. The fuel cell system requires intake pressure (below 0.3 MPa), volume flow
(greater than 4 m®/min), together with a specific size and structure of the air compressor.
The single-scroll compressor cannot meet the basic needs of the system, while the double-
wrap scroll compressor has a low pressure ratio and large displacement, so the double-wrap
scroll compressor covers a wide range of application prospects in fuel cell systems. While
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the basic geometric parameters remain unchanged, the volume flow of the scroll compressor
can be increased by increasing the tooth height and rotational speed of the scroll compressor.
Since the operating principles of double-wrap and single-scroll compressors are basically
the same, the research theory of single-scroll compressors can be used for research and
analysis [7-9].

Peng et al. [10] quantitatively analyzed the influence of basic geometric parameters
on the performance of double-wrap scroll compressors. Cardone et al. [11] established a
semi-empirical thermodynamic model of scroll compressors and evaluated the accuracy of
the model with experimental data.

The working chamber of the compressor is closed, so it cannot be studied by di-
rect measurement. Therefore, the fluid working medium in its working chamber can
be analyzed by CFD methods [12,13]. Ooi et al. [14] used the CFD method to analyze
the two-dimensional non-steady-state numerical simulation of the scroll compressor, and
found that the heat transfer and leakage between the working chambers have an impact
on the fluid distribution in the working chamber, and that the pressure of the distribution
has the least impact in the chamber. Wang et al. [15,16] found that the scroll compressor
fluid domain consisting of structured grids allows for more accurate calculations. Due to
the appearance of the vortex, there is a pressure loss in the discharge process. Based on
numerical simulation, Sun et al. [17] found that the mass exchange between the adjacent
working chambers of the scroll compressor has little influence on the pressure distribution
in the working chamber but a greater effect on temperature and velocity. Zhao et al. [18]
conducted three-dimensional unsteady-state numerical simulation of compression and
found that the shape and area of the compressor inlet will affect the pressure distribution
in the discharge chamber. Fadiga et al. [19] proposed a special grid generation method
based on the open source CFD software OpenFOAM, which can quickly generate a fluid
domain grid that matches the working fluid, so that the grid can make the scroll ma-
chinery’s working area match well with the fluid working medium. Cavazzini et al. [20]
combined CFD and PSO (particle swarm optimization) algorithms and found that the
radius of gyration, the number of scroll teeth, and the size of the exhaust port all have
an impact on the output characteristics of the scroll compressor. Rak et al. [21] found
that the Nusselt numbers calculated using CFD deviate from the values obtained by the
formula due to the consideration of the influence of heat transfer and leakage on the scroll
compressor in the calculation process. Giovanna et al. [22] found that the selection of the
calculation model has an impact on the distribution of the flow field in the compressor
chamber, and it also affects the mass flow of the scroll compressor inlet and outlet mass
flow; moreover, the k-model is more suitable for scroll machinery. Zheng et al. [23,24]
studied the flow field distribution of the CO, refrigeration scroll compressor during the
working process; internal leakage, under-compression, and over-compression all have
an impact on the flow field in the chamber during the working process; in addition, this
will make the local temperature too high in the chamber. Wang et al. [25] designed a new
type of asymmetric double-wrap scroll compressor via the midline method, which has
improved the compressor’s displacement and internal volume ratio.

At present, there are few instances of literature that can comprehensively study
the performance characteristics of double-wrap scroll compressors from the aspects of
thermodynamic model, numerical simulation, and experimental research. In this paper, a
three-dimensional unsteady-state numerical simulation of a PEMFC air supply subsystem
(suitable for a 45 kW stack) of oil-free double-wrap scroll compressor with a volume
flow g, = 4 m3/min was studied, under rated operating function. Through experiments,
basic output performance parameters of scroll compressors were studied, and the basic
performance parameters of oil-free double-wrap scroll compressors and CP-type single-
screw compressors were compared with the variation of volume flow. In the previous
research and literature, there were few simultaneous quantitative analyses and comparisons
on the basic performance of oil-free double-wrap scroll and screw compressors. However,
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this paper can provide a certain theoretical basis for the selection and optimization of
PEMEC oil-free scroll and screw compressors.

In this paper, the performance analysis and test research of PEMFC oil-free positive
displacement compressor for vehicle are performed. The paper is organized as follows:
First, the basic geometric parameters of the scroll and screw compressor are defined.
Based on calculus, we derived the expression of working chamber volume for the oil-
free double-wrap scroll compressor. Second, the thermodynamic model of an oil-free
double-wrap scroll compressor was established under ideal working conditions. Third,
the three-dimensional unsteady-state numerical simulation was performed to analyze the
internal flow characteristics of the compressor, which include the distribution of flow field,
temperature field, and pressure field. Finally, we built a performance test platform for the
prototype; the volume flow, discharge temperature, and vibration value were obtained,
and we made a comparison between the scroll compressor and single-screw compressor.
We also provided a geometry model of the double-wrap scroll and CP-type single-screw
COmMPpressor.

The prototype of the scroll profile used in the test was composed of a circular involute.
Its basic geometric parameters are depicted in Table 1; the scroll profile of the double-wrap
scroll compressor is shown in Figure 1a. The basic geometric parameters of the CP-type
single-screw compressor are shown in Table 2; Figure 1b illustrates the basic structure of
the screw and star-wheel of the screw compressor.

Table 1. Basic parameters of scroll tooth geometry.

Paraments Symbol Value Units
Base circle radius p 9.231 mm
Involute angle « 0.244 rad
Revolution radius Tor 10.000 mm
Starting angle of involute Qs 0.785 rad
End angle of involute Pe 3.336 rad

Table 2. Basic geometric parameters of the single-screw compressor.

Paraments Symbol Value Units
Screw tooth groove number Z1 6 -
Number of star gears Zy 11 -
Screw tip circle diameter dq 150 (mm)
Diameter of tip circle of star gear dy 150 (mm)
Screw length L 153 (mm)

®18.462mm

4.45mm

(a) (b)

Figure 1. Compressor geometry: (a) scroll tooth profile; (b) CP-type single-screw compressor.
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2. Double-Wrap Scroll Compressor
2.1. Working Chamber Volume

Since the research and test prototype is applied to the vehicle PEMFC system, it
is necessary to analyze and study the changes in the working chamber volume of the
compressor according to the requirements of the fuel cell stack for the volume flow and
exhaust pressure of the air supply subsystem; the calculation equations for the working
chamber volume of the oil-free double-wrap scroll compressor are as follows [10]:

Discharge chamber:

Vy = hpe(pr — 2t) (45 + 5m) 1)
Compression chamber:
5+2(i—1
Vo= (e~ 20)[pe — 0 - 22U Dy @
Suction chamber:
Vs = §1p0(4¢e — 20 — 1) (pe — 2t) 3)

+3ry (3 —2rpa) - [2(1 — cos ) — 2(pe — ) sin @ — }7rsin 26)]

where, i—is the i-th working chamber of the compressor; 6—is orbiting angle, °; pi—is the
scroll pitch, mm.

2.2. Thermodynamic Model

In the thermodynamic model of the scroll compressor, initial conditions are set as: the
initial inlet pressure ps = 0.1 MPa, the initial inlet temperature T; = 300 K, the working
medium is air, which is assumed to be an ideal gas. The scroll compressor is variable in
actual operation, and its pressure and temperature are as follows:

Pressure:

pi = ps(Va/ V)" @)
Temperature:
T; = To(Va/ V) D/%) (5)

where, k—is variability index.

2.3. Volume Flow

The displacement of the scroll compressor is an important indicator of its performance.
In the actual operation of the scroll compressor, the actual displacement is less than
the theoretical displacement due to irreversible losses such as leakage. The calculation
equations are as follows:

Theoretical volume flow:

Joth = nVs 6)
Actual volume flow:
o = Nolqo,th (7)

where, #,—is volumetric efficiency; n—rotational speed, r/min.

2.4. Optimization and Improvement

After prototype 1 was designed and tested, problems occurred in the designed oil-free
double-wrap scroll compressor, such as low volume flow, high discharge temperature, and
high driving motor temperature; in particular, the prototype was difficult to match with
the PEMFC air supply subsystem. Therefore, prototype 2 was designed after optimization
to solve these problems. The heights of the scroll teeth of prototype 1 and prototype 2 are
60 mm and 65 mm, respectively. In addition, prototype 2 was added with a liquid cooling
system to reduce the temperature of the driving motor. SC1 and SC2 are referred to as
prototype 1 and prototype 2, respectively. The two prototypes are shown in Figure 2.
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(b)
Figure 2. Test prototypes: (a) prototype 1-SC1; (b) prototype 2-SC2.

2.5. Discussion and Analysis
2.5.1. Volume of the Working Chamber

Figure 3 shows the variation of the working chamber volume of the double-wrap scroll
compressor with the orbiting angle of the crankshaft. V and AV are the difference between
the volume and volume of the working chamber, respectively. As shown in Figure 3, in
the suction process, the working chamber volume changes with the increase of orbiting
angle. When the crankshaft turns to the suction end angle s, the suction process ends and
the compression process begins. At different tooth heights, the maximum suction volume
difference of the suction chamber is 0.06315 dm®. During compression and discharge, with
the change of the orbiting angle, the volume of the scroll compressor working chamber
continues to decrease until the fluid working medium is completely discharged from the
chamber; at this time, one cycle of the compressor’s working process ends. The discharge
process begins when the spindle rotates to the discharge starting angle 6.

0.4 : 0.035
: ---SCl,——sSC2
S0 O —==AV
PN L 0.028
0.3 1 RSN :
o HENN
A PN : ~
g [f N -0.021 E
=027 / \-\ 2] :
~ N\
N 4 NG L0.014
/ : N
/ . N
0.1 . : LN .
suction  :compression : N\ discharge | 0.007
0.0 T T T T T 0.000
0 180 360 540 720 900
0/¢)

Figure 3. Working chamber volume.

2.5.2. Temperature and Pressure

Figure 4 shows the variation of the working fluid temperature T and pressure p in the
working chamber of the scroll compressor with the orbiting angle of the crankshaft. It can
be seen from Equations (4) and (5) that the pressure and temperature of the fluid working
medium in the working chamber of the scroll compressor during the ideal compression
work process have nothing to do with the height of the scroll teeth, but are only related to
the basic geometric design parameters of the compressor, which is only related to the basic
geometric parameters. In the theoretical operation process of the scroll compressor, the
changing trend of temperature and pressure was basically the same. During the suction and
discharge process, the temperature and pressure remained unchanged because the suction
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and discharge chambers were connected to the external environment. In the compression
process, the temperature and pressure in the compression chamber were affected by the
volume of the working chamber. Since the volume of the scroll compressor working
chamber continued to decrease with the orbiting angle of the crankshaft, the temperature
and pressure continued to rise.

500 - - 0.35
450 L0.30
F0.25
400 =
R
< 020 S
350 2
F0.15
300+ . , L0.10
suction compression:  discharge
250 T |‘ T : T T 0-05
0 180 360 540 720 900
6/

Figure 4. Temperature and pressure of ideal working process.

2.5.3. Theoretical Volume Flow and Volumetric Efficiency

Figure 5 shows the variation of the theoretical volume flow g, 4, and volumetric
efficiency 7, of the scroll compressor with the rotational speed, respectively. Ag,, 4, and Ay
are the difference between the theoretical volume flow and volumetric efficiency of SC1 and
SC2, respectively. As shown in Figure 5a), at the same speed but different tooth heights, the
larger the theoretical volume flow of the compressor, the greater the volumetric efficiency.
At a constant tooth height, as the speed gradually increases, the theoretical volume flow
also increases. According to Figure 5b, at the same tooth height, higher speed means higher
volumetric efficiency because internal leakage is too late to occur at high speeds. When
the rotational speed increases to 1200 r/min, the scroll compressor volumetric efficiency
tends to stabilize and no longer increases significantly. The volumetric efficiency of the
compressor is mainly affected by the direction of the actually measured volumetric flow.
The compressor’s speed, sealing structure, and accuracy of the flowmeter all affect the
measured volumetric flow. The volume flow of prototype SC2 is 0.36 m®/min, higher than
that of SC1, and the maximum efficiency of prototype SC2 only increased by 0.02.

6 0.4 1.00 0.020
—-=--SC1;——SC2; - - - Aq,
0.95 !
'L 0.019
< 0.90- 5
! L 0.018
0.85 ]!
1 ——SC2:-----SC1
"‘ -0~ A’?V
0 . . . . . . 0.0 0.80 . . . . . . 0.017
800 1200 1600 2000 2400 2800 3200 800 1200 1600 2000 2400 2800 3200
n/(r* min ) n/(r*min')

(a) (b)

Figure 5. Theoretical volume flow and volumetric efficiency: (a) theoretical volume flow; (b) volumetric efficiency.
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3. Numerical Simulation of Double-Wrap Scroll Compressor
3.1. Governing Equation

In the numerical simulation of the scroll compressor, the interaction between tem-
perature, pressure, and velocity and the fundamental laws of physics such as the mass,
momentum, and energy conservation equations should be considered. The basic equations
are as follows [26]:

Mass equation:

dp , o(pu)  0(pv)  o(pw) _
T Tox dy T =0 ®

Energy equation:

eT) | AeIT) , B(p0T) , 3(p0T) _ 2k aT) i(ki) 8<’<9T>+sr ©)

0 dx ay 0z dx \ ¢p 0x dy \ cp Iy 9z \ ¢cp 0z
Momentum equation:
o(pu e o) xx 9T a2 zx
e ) = r+ S G %+ F
0 . — JTyx d 9Ty
@ + div(pom) = —3— P T T TW +52 4+ F, (10)
W) 4 diy (pom) = — 9 + 2 aiz + %= 1 F,

where, 1,  and w—are the components of the velocity vector u in the x, y, and z directions
respectively; p—is the density, f—is the time, p—is the pressure; Ty, Tyy and T;y—are
the components of the viscous stress; Fy, F, and F,—are the physical force on the micro-
element body; c,—is the specific heat capacity; T—is the temperature; k—is the heat
transfer coefficient; S,—is the viscous dissipation term.

3.2. Grid Division and Independence Verification
3.2.1. Fluid Domain Grid Division

For the convenience of grid division, the entire fluid domain was divided into three
areas: inlet pipe, working chamber, and outlet pipe [27]. The particularity of the scroll
compressor fluid domain contributed to the working chamber grid. The grid used mesh
stretching in ICEM to generate volume grids. The inlet pipe and outlet pipe were composed
of unstructured hexahedral grids, and the fluid domain grid was composed of unstructured
triangular prism grids. The fluid domain is shown in Figure 6.

| O280mm | 45mm

Inlet, @40mm

g
E Outlet, ®37mm|
v [

Fluid domain

Figure 6. Fluid domain volume grid.

3.2.2. Grid Independence Verification

Figure 7 shows the changing trend of the outlet mass flow of the oil-free double-wrap
scroll compressor SC2 with the number of fluid domain grids. After dividing the grid into
the computational fluid domain, the final selection of the grid is based on a combination
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of calculation time and computing resources. The grid number of the model is 5,716,526
when the number of grid-stretching layers is 15. Similarly, it can be obtained that the grid
number of SC1 is 5,045,765 when the number of grid-stretching layers is 15. Table 3 shows
the number of grids in each domain of compressor SC2.

0.1264 .
R

_—

0.1248 1

0.1232 1

Do/ (kg =5 1)

0.1216 1

0.1200

1,847,141 4392309 5,716,526 7.392.309
Grid number

Figure 7. Grid independence verification.

Table 3. Number of grids in each fluid domain.

Number Total Elements Total Nodes
Inlet pipe 23,337 10,189
Working chamber 5,613,089 2,608,404
Outlet pipe 80,100 13,762
Total 5,716,526 2,635,355

3.3. Calculation Method and Boundary Conditions

In the three-dimensional unsteady-state numerical simulation of the scroll compressor,
the turbulent flow model used the ¥ — ¢ RNG model, the near-wall surface used the
standard wall function, the fluid heat transfer used the high-order second-order upwind
model, and the discrete term used the central difference format and the PISO! algorithm
for unsteady-state numerical simulation. The UDF in FLUENT controlled the movement of
the orbiting scroll. The pressure was the boundary condition of the inlet and outlet, and
the rotational speed was set to 3000 r/min.

3.4. Discussion and Analysis
3.4.1. Distribution Contour of Fluid in the Working Chamber

Figure 8 shows the temperature, pressure, and velocity variation in the working cham-
ber of the double-wrap scroll compressors SC1 and SC2 when the orbiting angle is 360°. At
the same tooth height, the proximity to the central chamber indicates higher temperature,
pressure, and velocity in the chamber. Due to leakage between adjacent working chambers,
there exists mass exchange between the working chambers, making the temperature and
velocity distribute inconsistently, and internal leakage has little effect on the pressure in
the working chamber. Because four discharge chambers of the double-wrap scroll com-
pressor were not connected to the outlet simultaneously during operation, the movement
characteristics of the fluid working medium in the exhaust chamber were inconsistent. At
different tooth heights, there are differences in the distribution of temperature, pressure,
and velocity in the discharge chamber. The closer the scroll tooth wall, the greater the
change in temperature and velocity. In the working chamber, the temperature of prototype
SC2 increased by 28.42 K, the pressure increased by 1.5 kPa, and the velocity increased by
19.34 m/s, compared with SC1.
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(b)
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00
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(c)

Figure 8. Temperature, pressure, and velocity contour in the working chamber: (a) temperature contour; (b) pressure
contour; (c) velocity contour.

3.4.2. Inlet and Outlet Mass Flow

Figure 9a,b show the variation of the inlet and outlet mass flow of the double-wrap
scroll compressor with the orbiting angle of the crankshaft, g,, in and g out as the inlet
and outlet mass flow. As show in the figure, the fluctuating trend of the flow rate at the
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qm,in (kg s 1)

0.20

0.10

inlet is not significant; at the outlet, the orbiting scroll periodically shields the discharge
port, and it will interfere with the exhaust process of the working fluid at the outlet, so the
outlet mass flow fluctuates greatly. Due to the internal leakage between adjacent working
chambers, the inlet mass flow is greater than the outlet mass flow. Figure 9c shows the
variation of the SC2 inlet and outlet mass flow with the orbiting angle, Agy, is the difference
in the inlet and outlet mass flow of SC2. The average inlet mass flow is 0.139631 kg/s,
the average outlet mass flow is 0.1389624 kg/s, and the flow difference is 6.686 x 107°
kg/s. The radial leakage produced by the oil-free scroll compressor is unavoidable; the
leakage between the adjacent working chambers of the scroll compressor leaks from the
high-pressure chamber to the low-pressure chamber. During the cycle, part of the fluid
in the working chamber will undergo repeated compression, so that the compressor mass
flow of the outlet will be slightly decreased.

-—--SC1,——SC2

0.28

0.24

0.204

0.16

D out / (kg S_l)

0.08

0.04

0/ () 0/()

(a) (b)

G, (kes™)

0.0 T

T T -0.18
0 90 180 270 360

0/()
(c)

Figure 9. Inlet and outlet mass flow: (a) inlet mass flow; (b) outlet mass flow; (c) SC2 of inlet and outlet mass flow.

3.4.3. Inlet and Outlet Velocity

Figure 10a—c show the variation of the inlet and outlet velocity of the scroll compressor
with the orbiting angle of the crankshaft and SC2 inlet and outlet velocity, respectively.
vin and veyt are the inlet and outlet velocity, Av is the difference in the inlet and outlet
velocity, respectively. According to Figure 10, after a cycle of the scroll compressor, the
outlet velocity is greater than the inlet velocity due to the increase in pressure at the outlet
and the decrease in the diameter of the discharge port. Due to the interference of the
orbiting scroll on the discharge port, the outlet velocity is more volatile. The maximum
difference between the inlet and outlet velocity of SC1 and SC2 is 1.125 m/s and 1.950 m/s,
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respectively. The average velocities of SC2 inlet and outlet are 29.353 m/s and 36.587 m /s,
respectively. Since the orbiting scroll will periodically affect the intake and exhaust process
during its rotation, when the orbiting scroll has different disturbances to the intake process,
the inlet flow rate will increase or decrease. The degree of shielding of the exhaust port
by the scroll teeth has a great influence on the outlet velocity, which will make the change
trend of the outlet velocity different.

75

- = -SCl;——SC2

180 270 360 0 90 180 270 360

Av/ (mrs™)

0 90 180 270 360
0/()
(c)

Figure 10. Inlet and outlet velocity: (a) inlet velocity; (b) outlet velocity; (c) SC2 of the inlet and outlet velocity.

4. Test Research

Figure 11 shows the test schematic of the oil-free air compressor and the double-wrap
scroll compressor test platform. In the test, the driving motor speed was adjusted by the
motor driver, and the collected discharge temperature was cooled. Data of temperature
after cooling were obtained by the data acquisition system. The gas tank of the scroll
compressor test system and the liquid tank of the cooling system were placed outdoors.
The cooling liquid of the scroll compressor and the driving motor was delivered by the
circulating pump. The CP-type single-screw compressor was referred to as SC3. To compare
the difference in basic output performance between scroll and screw compressors, the speed
and discharge temperatures of compressors SC2 and SC3 at the same volume flow were
compared through experiments. The variation of the body noise and the test principle of
the screw compressor SC3 are shown in Figure 11a. The inlet pressure of the prototype is
0.1 MPa, the ambient temperature is 22 °C, and the rated speeds of SC1 and SC2 are both
3000 r/min. The screw compressor adopts the rated volume flow g, = 4 m®/min, and the
rated speed is 9500 r/min.
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Flowmeter

N

Double-wrap
scroll

compressor

Filter

<]
N A | Air

Pressure sensor

Temperature Sensor

Motor

Driver

——————

data collection system

Safety valve

Pressure sensor

'Temperature sensor| a5 tank

N

Check valve

L1 | Drain pipe

(a) B (b)

Figure 11. Test research: (a) test schematic; (b) double-wrap scroll compressor. 1—inlet pipe; 2—cooling pipe; 3—outlet
pipe; 4—temperature sensor; 5—compressor; 6—motor; 7—vibration measuring point of the body; 8—vibration measuring
point of the fixed scroll; 9—coolant temperature sensor; 10—data collection system; 11—motor driver.

4.1. Double-Wrap Scroll Compressor
4.1.1. Volume Flow

Figure 12 shows the variation of the inspiratory volume flow of prototypes at different
rotational speeds; Ag, is the difference in volume flow between SC1 and SC2. Actual
volume flow is the focus of scroll compressor research, the volumetric flow measured in
the experiment is the compressor inlet volume flow, and the flow meter is a vane air flow
meter. The volume flow increases approximately linearly with the increase of speed. The
volume flow rates of SC1 and SC2 increase with the improvement of scroll compressor
speed accordingly. At the same speed, the maximum difference between SC1 and SC2
volume flow is 0.26 m3/min; the minimum difference is 0.01 m3/min; the maximum
difference appears at a high rate of 2300 r/min; the minimum difference appears at a low
rate of 1000 r/min. At the same tooth height, increasing the speed of the driving motor can
increase the volume flow of the scroll compressor. At the same rotational speed, increasing
the tooth height of the compression can also increase the volume flow.

5 03
—-—-SCL;——SC2;- - - Ag,
102 g
=
£
~
0.1 &
0 0.0

T T T T T T
800 1200 1600 2000 2400 2800 3200

n/(r+min)
Figure 12. Volume flow.

4.1.2. Discharge Temperature

Figure 13 shows the variation of the discharge temperature of prototypes at different
rotational speeds. Toyt and ATy are the discharge temperature of SC1 and SC2 and the
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difference between the discharge temperature of SC1 and SC2. To operate the double-wrap
scroll compressor safely and stably, the SC2 driving motor and SC1 and SC2 fixed scroll
cooling measures adopted liquid circulation cooling, and the discharge temperature was
collected after forced cooling. With the increase of the rotational speed, the discharge
temperature of the prototype also increases. The maximum discharge temperature of SC1
is 54 °C, while the maximum discharge temperature of SC2 is 42 °C. Because the driving
motor of SC2 also adopts cooling measures, the temperature of SC2 is reduced. When
the rate is lower than 1800 r/min, the discharge temperature change trend of the two
prototypes is basically the same because the liquid can dissipate in time. When the rate is
higher than 1800 r/min, the discharge temperature of the two prototypes begins to increase
due to the accumulation of liquid heat. SC1 discharge temperature begins to increase
sharply, while the variation trend of SC2 discharge temperature is relatively gentle. At the
maximum speed of 3200 r/min, the discharge temperature of SC1 and SC2 increases by
12 °C and 20 °C compared with the minimum discharge temperature, respectively.
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Figure 13. Discharge temperature.

4.1.3. Vibration Value

Figure 14 shows the vibration value of the body and fixed scroll of prototypes with
the rotational speed. Cpodqy and Cyixeq are the vibration value of the scroll compressor body
and the fixed scroll, respectively. The vibration measurement point of the body is located
in the anti-rotation mechanism, which is the connection position of the fixed bracket of
the compressor and the orbiting scroll assembly; the vibration value is affected by the
motion of the body. The vibration measurement point of the fixed scroll is located at
the cooling box, and the vibration value at this position is affected by the vibration of
the body and the outlet pipe at the same time. The vibration value of the body and the
fixed scroll increases with the increase of speed. After the tooth height increases by 5 mm,
the maximum vibration value of the SC2 body and the fixed scroll becomes 4.3 mm and
7.4 mm, which is an increase of 0.1 mm and 0.3 mm compared with SC1, respectively.
At the same speed, the vibration value of the SC2 body and the fixed scroll increases by
0.27 mm and 0.6 mm, respectively. At a certain speed, increasing the tooth height can
increase the volume flow of the compressor, as well as the vibration value of the body and
the fixed scroll. However, there is little impact on the operation of the whole machine.
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Figure 14. Vibration value of body and fixed scroll.

4.1.4. Driving Motor Power and Current

Figure 15a shows the variation of the driving motor power at a different speed. P and
AP are the difference between the driving motor power and power of the prototypes SC1
and SC2, respectively. At the same speed, the driving motor power of SC2 is less than that
of SC1, and the maximum difference in driving motor power is 2.5 kW. With the increase
of the driving motor speed, the driving motor power also increases.
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Figure 15. Driving motor power and current: (a) power; (b) current.

Figure 15b shows the variation of the driving motor current of prototypes at different
speeds. I and AI are the difference between the driving motor currents and currents of
prototypes SC1 and SC2, respectively. At the same speed, the SC2 driving motor current is
less than the SC1 driving motor current, and the maximum difference in the driving motor
current is 5.1 A. As the speed increases, not only the driving motor current but also the
driving motor power increases. The temperature and current of the cooled driving motor
are lower than the uncooled prototype.

4.2. Scroll and Screw Compressors
4.2.1. Volumetric Efficiency
Figure 16 shows the variation of volumetric efficiency of scroll and screw compressors

with rotational speed. ngcy and ngc3 are the speed of scroll and screw compressors, respec-
tively. Scroll machinery is a variable displacement compressor; during the working process
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of the compressor, the radial and axial clearances are reduced due to the temperature rise
and deformation of the scroll tooth and the installation of sealing strips. The volume of
the working chamber of the screw compressor does not change with the movement of
the screw, so the meshing gap changes less during operation. According to Figure 16, the
volumetric efficiency of scroll compressors has been higher than that of screw compressors.
The average volumetric efficiency of screw compressors and screw compressors is 0.959 and
0.869, respectively. The volumetric efficiencies of scroll and screw compressors at the rated
speeds are 0.963 and 0.937, respectively. When ngcp > 1200 r/min and ngc3 > 7500 r/min,
the volumetric efficiency of compressors tends to be stable without significant change.
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Figure 16. Compressor volumetric efficiency.

4.2.2. Rotational Speed and Noise

Figure 17a shows the variation of scroll and screw compressors’ speed with volume
flow. As shown in Figure 17, the volume flow is directly proportional to the compressor
speed; namely, the larger the volume flow, the higher the compressor speed. At volume
flow 4 m3/min, the compressor speed increases due to irreversible losses such as internal
leakage and suction pressure drop. The speed of the scroll and screw compressors is
3020 r/min and 9650 r/min, respectively.
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Figure 17. Compressor rotational speed and noise: (a) rotational speed; (b) noise.

Figure 17b shows the change of the noise generated by the scroll and screw compres-
sors’ bodies with volume flow. Since the volume flow of the compressor changes linearly
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with speed, the larger the volume flow, the greater the noise generated by the body. When
the volume flow is 4 m® /min, the noises generated by the scroll and screw compressors are
82.5 dB and 91.4 dB, respectively. Therefore, excessive compressor noise should be further
improved.

4.2.3. Discharge Temperature

Figure 18 shows the variation of the discharge temperature of the scroll and screw
compressors with volume flow. Tsco oyt and Tscs out are the discharge temperature of the
scroll and screw compressors, respectively. For positive displacement compressors, the
volume flow is positively correlated with the compressor speed, and a high volume flow
corresponds to a high rotational speed. The higher the speed, the greater the operating
power of the compressor, the more power it generates, and the more heat the compressor
generates from compressed gas, which increases the exhaust temperature. Since the scroll
compressor cooling used liquid but the screw compressor cooling used air, the discharge
temperature of the scroll compressor is much lower than that of the screw compressor.
When the volume flow is 4 m3/min, the discharge temperature of the scroll and screw
compressors is 37 °C and 63.2 °C, respectively.
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Figure 18. Compressor discharge temperature.

5. Conclusions

(1)  The discharge pressure and volume flow are used as the objective function to measure
the basic output performance parameters of the oil-free double-wrap scroll air com-
pressor. The temperature, pressure, volume flow, and volume efficiency of the scroll
compressor are all affected by the working chamber during the working process. The
influence of volume is also affected by the basic geometric design parameters of the
COmpressor.

(2)  As the double-wrap scroll compressor has four exhaust chambers and the discharge
port is large, the temperature, pressure, and velocity of each discharge chamber vary
inconsistently. The inlet and outlet mass flows reach the maximum at crankshaft orbit-
ing angle 250° and 160°, respectively. The discharge opening reaches the maximum
when the spindle rotates to 120~186°. The mass exchange of working fluids between
adjacent working chambers has a greater influence on the temperature and flow rate
in the working chamber and less influence on the pressure.

(3) Based on the analysis and research of the built test platform, the maximum tempera-
ture of the SC2 discharge port was only 42 °C with liquid cooling measures for the
scroll compressor and driving motor. After optimization, the scroll compressor is at a
rated speed of 3000 r/min, the compressor discharge volume flow is 4.1 m3/min, and
the discharge temperature after cooling is 38 °C, thus meeting the needs of the fuel
cell air supply subsystem.
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(4) Screw compressors can only achieve the same discharge volume flow as scroll com-
pressors at a rapid speed. At the same volume flow, the rotational speed, discharge
temperature, and noise of scroll compressors are lower than screw compressors. Due
to the increase in the diameter of the orbiting and fixed scroll discs of the oil-free
double-wrap scroll compressor, the structure of the whole machine will increase ac-
cordingly, which will increase the power of the compressor drive motor. Double-wrap
scroll compressors are suitable for applications with large displacement and low
pressure ratio.
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Abbreviations

SC1 Prototype 1—scroll compressor
SC2 Prototype 2—scroll compressor
SC3 Prototype 3—screw compressor

PEMFC  Proton Exchange Membrane Fuel Cells
HFC Hydrogen Fuel Cell

CFD Computational Fluid Dynamics

UDF User Defined Function
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