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Pumping speed of cryopump for xenon
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Abstract: The xenon pumping speed testing system of the large-diameter external cryopump was designed

to meet the plume test requirements for prototype electric propulsion. The flowmeter method was utilized to

measure the xenon pumping speed. The test results show that the averaged effective pumping speed of double-

cryopumps is 52200L/s, and that of single-cryopump is 27100L/s. The pumping speed ratio of two configu-

rations is 1. 93. It can be concluded that the pumping speed has in linear relationship with the number of cryo-

pump, and the coefficient is irrelevant with the gas type. The averaged effective pumping speed of xenon is less

than its nominal pumping speed, and the averaged pumping efficiency is 0. 83. Under the identical inflow con-

ditions, the averaged effective pumping speed ratio of nitrogen is 0. 53, slightly less than the theoretical pum-

ping speed ratio of 0. 55. Consequently, it can be concluded that results assessment of large-diameter external

cryopump design index can guide the engineering application, showing certain reference significance.
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The plume effect experimental system
(PES) developed by the Beijing University of
Aeronautics and Astronautics is a multipurpose
testing apparatus. It is mainly used to test the
plume effects of chemical propulsion and electric
propulsion for aerospace attitude and orbit con-

‘. The horizontal cylindrical vacuum

trol engine
chamber has the inner diameter and length of
5.2m and 12.6 m™, respectively. All the re-
quired vacuum environments are obtained by the
vacuum acquisition system™!. The coarse vacu-
um pumping system is mainly composed of the
roots pumps, the high vacuum pumping system
is mainly composed of the large-diameter exter-
nal cryopumps, and the ultra high vacuum pum-
ping system is mainly composed of the internal
cryopumps (including liquid nitrogen heat sink
and liquid helium heat sink).

At present, the electric propulsion has be-

come one of the main trends of space propulsion
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technology. The electric ion propulsion mainly

uses xenon as the working medium™ "

Gener-
ally speaking, an electric ion thruster whose
thrust is on the order of mN has a xenon volume
flow rate of 14 mL/min under standard condi-
tion. During the tests, the dynamic vacuum de-
gree in the chamber is required less than 5X10 °
Pa to ensure the measurement accuracy. In order
to decrease the interference as much as possible,
the tests should be performed without the heat
sink. The PES only relies on the external type
cryopump to maintain high dynamic vacuum de-
gree.

As an important parameter of the external
type cryopump, the pumping rate is not only re-
lated with the kind of gas, but also with the vol-
ume and installation position of the vacuum
chamber. To improve the accuracy of the electric
propulsion plume tests, the actual xenon pum-

ping rate of the external type cryopump should
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be measured in advance. References[ 11-12 Jhave
reported that the xenon pumping rates of the ex-
ternal type cryopump and diffusion pump are
46% of the air pumping rates. Reference[13]
measured the xenon pumping rates of two molec-
ular pumps, namely F-400/3500 and F-250/
1500, respectively. With the pump inlet vacuum
degree ranging from 1 X107%—1X107% Pa, the
xenon pumping speeds were 60% —80% of the
nitrogen pumping speeds. However, no test in-
vestigation has been performed to measure the
xenon pumping speed of the external type cryo-
pump in domestic.

Present paper introduces the testing appara-
tus and methods for measuring the xenon pum-
ping speed of the 1250-type large-diameter ex-
ternal cryopump. The xenon pumping speed,
the xenon and nitrogen pumping speed ratios are
obtained by test, which can be used to evaluate
the design index of the external cryopump and

guide the engineering application.
1 TTesting apparatus and test method

1.1 Testing apparatus

The PES was used to measure the xenon
pumping speed. The main pump adopted two
domestic developed 1250-type large-diameter ex-
ternal cryopump. Figure 1 shows the xenon
pumping speed testing system of the large-diameter

external cryopump. The tests were conducted in

the vacuum chamber with a volume of 250m?®.

The test device is shown in Table 1.
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1 Xenon bottle: 2 Pressure reducing valve:
3 Flowmeter; 4 Electromagnetic valve;
5 Roots pump; 6 External cryopump;
7 Hot cathode ionization gauge

Fig. 1 Xenon pumping speed testing system

of the large-diameter external cryopump

1.2 Test method

Through the vacuum technology standardi-
zation, a set of standard systems meeting the re-
quirements of the vacuum industry have been es-

tablished in domestict'"'*,

However, the pum-
ping speed measurement method regulated by
the national standard only covers the external
cryopump whose outlet diameters are not more
than 400 mm. Its basic principle is to measure
the steady vacuum pressures at the special posi-
tions of the test cover with no intake and a cer-
tain air intake, and obtain the nominal pumping

speed of the external cryopump. For the large-di-

ameter external cryopump with an inlet diameter

Table 1 Main testing apparatus

No. Device

Performance index

1 Vacuum chamber

Coarse vacuum

Inner diameter ¢5. 2m, length 12. 6m.

Two roots pumps each of which is composed of a WSU2001FC frequency conversion

2
pumping system roots pump and a SP630 screw pump. The ultimate vacuum is better than 5 Pa.
] Two 1250-type large-diameter external cryopumps, two TW1 600 molecular pumps, a
High vacuum . .
3 ) SL300 molecular pump, a SV40BI rotary vane pump. The ultimate vacuum is better
pumping system
than 5X10 ° Pa.
Stored in the xenon bottle, 99.999% purity, pressure 3MPa, pressure reducing valve,
4 Xenon source
gas supply pressure 0. 2 MPa.
5 Flowmeter Range 0~15ml/min, calibration gas nitrogen, xenon conversion coefficient 1. 431,
6 Hot cathode Range 6 X10 % —1X 107! Pa, calibration gas is nitrogen, xenon conversion coefficient

lonization gauge 2.71.
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of 1250 mm, the national standard on the pum-
ping speed measurement has not yet formulated.
Present paper used the flowmeter method to
measure the xenon pumping speed. During the
tests, the volume flow rate of the filled gas was
taken as the standard value. External cryopump
was started normally. When the chamber pres-
sure was operating at or near the ultimate pres-
sure, the pumping speed measurement was star-
ted. The xenon at a certain pressure and volume
flow rate was injected into the chamber. The
pressures at the specific positions in the chamber
were measured using the hot cathode ionization
gauge. When the chamber pressure was held at a
constant value more than 10 min, the pressure
was recorded, and imputed into the following e-
quation to calculate the pumping speed of the ex-

ternal cryopump:
s——9 (D

P b

where S is the pumping speed of the external

cryopump (L./s);Q is the actual xenon flow rate

. _ qvX101325
((Pa L)/S)’ Q 1000><60

; where gy is the
actual volume flow rate of the xenon (mL/min) ;
p is the equilibrium pressure in the chamber at a
certain volume flow rate (Pa); p, is the back
pressure in the chamber (Pa).

The testing system adopted the CS200A-
type mass flow controller whose effective range
was 0~15mlL/min, response time<:ls, accura-
cy<<0.5%. The mass flow controller was cali-
brated using the nitrogen. When it was used to
control the xenon volume flow rate, the flowme-
ter reading should be modified using the follow-
ing equation:

Qv = 01 qo (2)
Where 6, is the correction coefficient, taken as
0,=1.431; q is the visual volume f{low rate of
the flowmeter (mL/min).

The DL-7 type vacuum gauge made in Pe-
king University was used to measure the vacuum
degree. Three ZJ12-type hot cathode ionization
gauges whose effective range is 6 X 107% —1 X

107! Pa were installed on the vacuum chamber.

At low pressure, the number of the positive ions
ionized from the gas molecules is usually propor-
tional to the density of the gas molecules. The
hot cathode ionization gauge adopted this princi-
ple to measure the vacuum degree. Because the
ionization gauge are selective for gas, the ioniza-
tion potential for different gases are different,
resulting in the existence of indication error.

At the factory, the ionization gauge used
the nitrogen as the calibration medium. When
the vacuum degree under the xenon environment
was measured, the reading should be revised

using the following equation:

p=£ (3)

02
Where o, is the xenon correction coefficient,
taken as o, =2.71; p, is the visual pressure of

the vacuum gauge (Pa).

2 Results and discussions

Figure 2 shows the photograph of the xenon
pumping speed testing system. The xenon pum-
ping speed was tested using double-cryopump
and single-cryopump, separately, and compared

to the nitrogen pumping speed.

1 Xenon bottle; 2 Pressure reducing valve;
3 Flowmeter; 4 External cryopumps;
5 Hot cathode ionization gauge

Fig. 2 Photograph of the xenon pumping speed

testing system

2.1 Nitrogen pumping speed tests

To acquire the actual pumping speed ratio of
the xenon to nitrogen, the nitrogen pumping
speed was tested in advance. The nitrogen with
a purity of 99.999% was supplied using the

high-pressure nitrogen cylinder.
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of the double-cyropumps fluctuated in the range L 2 3 4 5 6 7 8 9

of 88900~1070001L/s, and the average effective
The effective
pumping speed of the single-cyropump fluctuated
in the range of 44400~536001/s, and the aver-

pumping speed was 96300L/s.

age effective pumping speed was 49900L/s. The
effective pumping speed of double-cyropump was
1. 93 times of that of single-cyropump. It can be
considered that the pumping speed in propor-
tional with the number of the pumps. The nomi-
nal pumping speed of the single-cyropump was
60000 L/s (tested by the nitrogen at the factory)
which was larger than its effective pumping
speed. The average pumping efficiency of the
external cryopump was 0. 83, and the main rea-
sons are as follows:

1) Effect of the flow state. At the factory,
the nominal pumping speed was tested using the
test cover, and the gas was viscous flow. While
in the effective pumping speed measurement, the
gas was molecular flow. The flow conductance
in the molecular flow state was less than that in
the viscous flow state, resulting in the decrease
of the effective pumping speed of the external
cryopump.

2) Effects of the vacuum chamber volume
and installation position. The vacuum chamber
volume in the effective pumping speed measure-
ment was much larger than that in the nominal
pumping speed measurement. Furthermore, the
installation position of the external cryopump
was some distance away from the relief port, re-
sulting in the decrease of the gas space. The gas
molecules requires more time to randomly arrive
the condensing plate of the external cryopump,

which decreased the effective pumping speed.

10
q,./(mL/min)
Fig. 3 Nitrogen pumping speed of the

external cryopump

2.2 Xenon pumping speed tests

When the chamber pressure reached 1.9 X
107° Pa, the pumping speed of double-cryopump
was tested, and the xenon volume flow rate
ranged from 1—15ml./min, as shown in Fig. 4.
It can be seen that with the xenon volume flow
rate increasing, the chamber equilibrium pres-
sure increased gradually. The effective pumping
speed of the single-cyropump fluctuated in the
range of 46300~583001L./s, and the average ef-
fective pumping speed was 52200 L/s. When the
chamber pressure reached 3.5 X 10 ° Pa, the
pumping speed of single-cryopump was tested,
and the testing results are shown in Fig. 5. The
effective pumping speed of the single-cyropump
fluctuated in the range of 24700~ 29200L/s,
and the average effective pumping speed was

27100L/s.

double-cyropumps was also 1. 93 times as that of

The effective pumping speed of
single-cyropump. It also can be considered that
the number of the cryopumps has the linear su-
perposition on the pumping speed, and the su-
perposition coefficient is independent on the kind

of the gas.
2.3 Pumping performance comparison of xenon
and nitrogen
Figure 6 shows the xenon and nitrogen
pumping speeds, respectively. It can be seen
that under the identical gas volume flow rate,

the nitrogen pumping speed is much larger than the

xenon pumping speed. The effective pumping
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Fig. 4 Xenon pumping speed of the double-cyropump
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Fig. 6 Xenon and nitrogen pumping speed comparison

speed ratio fluctuates in the range of 0.49 ~
0.55, and the average effective pumping speed
ratio is 0. 53.

The ideal pumping speed of the external
cryopump under the molecular flow condition is

calculated as follows %,

Sw = 3.64 X 10"AVT/M 4
Where A is the cold plate adsorption area of the

external cryopump (m?); T is the absolute

temperature of the pumping gas (K); M is the
molar mass of the pumping gas, 28 g/mol for ni-
trogen, 131. 3 g/mol for xenon.

Equation 4 has shown that in the external
cryopump, the pumping speed of the condensa-
tion-adsorbed molecules is proportional to the
square root of the temperature, and inversely
proportional to the square root of the gas molar
mass. Under the identical gas volume flow rate,
the actual effective pumping speed ratio of the
xenon to nitrogen is 0. 53 which is slightly less

than the theoretical value of 0. 55.

3 Conclusion

A xenon pumping speed testing system of
the large-diameter external cryopump was de-
signed. The xenon pumping speed of the 1250-
type large-diameter external cryopump was
measured using the flowmeter method, and com-
pared with the nitrogen pumping speed. Some
main conclusions are obtained as follows:

1) The average effective nitrogen pumping
speed of the single-cryopump is 499001L/s,
which is lower than the nominal pumping speed
of 60000L/s. The average pumping efficiency is
0. 83.

2) The average effective xenon pumping
speeds of the double-cryopumps and single-cryo-
pump are 522001./s and 271001/s, respectively.

3) The average effective pumping speed of
the double-cryopumps is 1.93 times as that of
the single-cryopump. The number of the cryo-
pumps has the linear superposition on the pum-
ping speed, and the superposition coefficient is
independent on the kind of the gas.

4) Under the identical gas volume flow
rate, the xenon pumping speed is much less than
the nitrogen pumping speed. The average effec-
tive pumping speed ratio is 0.53, which is
slightly less than the theoretical value of 0. 55.

The test results show that the pumping
speed of the large-diameter external cryopump is
mainly related with the kind of the pumped gas.
Furthermore, the vacuum chamber volume and

the installation position of the cryopump also



1736

.

¥

5]

1o AR

5530 %

have

some effects on the pumping speed. These

conclusions have some reference significance to

evalu

ate the design index of the external cryo-

pump and guide the engineering application.
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