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Hydrogen Pumping Characteristics of a Scroll Pump

S.R. In

Nuclear Fusion Research Lab, Korea Atomic Energy Research Institute, Daegjeon 305—600

(Received December 19, 2005)

The scroll pump is widely used in ultra clean vacuum systems., However, there is
no commonly available information on the hydrogen pumping characteristics of this
pump, which creates a difficulty in determining whether the scroll pump can be used
or not in a fusion experiment system where hydrogen.is the main working gas. In

this paper the experimental setup, measurement procedures, experimental results, and

discussions on the pumping speed,

maximum compression ratio and the

back—streaming properties of the scroll pump, especially for the hydrogen gas, are

reported,
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Introduction

The scroll pump is widely used as the main
pump in a low vacuum system or the backing
pump of the turbo—molecular pump (TMP) in a
high vacuum system because of its cleanness,
medium size, simple construction, light weight,
low ultimate pressure, low vibration and noise
level, and so on, There are two kinds of op-—
erating mechanisms of the scroll pump de-—
pending on the moving pattern of the rotor;
orbiting type and rotating type. [1,2] Figure 1

shows the sequential diagram of the scrolls
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for the orbiting and rotating types when the
For both types, the
sweeping speed of the scroll is about a fifth

pumping is going on,

of that for a conventional rotary pump of the
similar size, because the orbit radius is only a
small fraction of the scroll size in the orbiting
type, and the relative speed between two
scrolls is"much lower in the rotating type, A
slow sweeping speed may provide a longer life
of the scrolls,

In any type of scroll pump several serial
quasi—isolated pumping pockets resembling a

crescent are formed in two parallel rows be-—
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Fig, 1, Evolut1on of scrolls in a) orbiting and b) rotating type scroll pumps,
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Hydrogen Pumping Characteristics of a Scroll Pump

tween two scrolls, Pumping of the scroll pump
starts when the mouth of the outermost pock—
et opens. Then, the pocket is promptly filled
with gas and the mouth is closed after one
revolution of the scroll, The pocket which has
just closed continues to move along the spiral
line up to the scroll center as being simulta—
neously constricted and compressed, The trap—
ped gas in the pocket reaches the exhaust
port after a few revolutions depending on the
number of the serial pockets, Note that the
moving speed of the pocket (or the sweeping
speed of the scroll) is inversely proportional
to the number of pockets, There must be an
optimum design to create both a large pump-—
ing speed and a low ultimate pressure at a
given size,

The pumping speed of a vacuum pump is the
net amount of the forward volume flow rate
determined by subtracting the back-streaming
flow from the intake flow, The back—stream—
ing performance of the scroll pump is strongly
influenced by a leakage from the downstream
pocket through the minute gap between two
successive pockets, [3] It is apparent that the
leakage through a dry (non—oily) passage be—
comes larger for a lighter gas, Therefore, the
scroll pump would have a low pumping speed
for hydrogen or helium, the most mobile
gases,

If the pumping speed of a scroll pump
backing up a TMP for hydrogen is not high
enough to maintain the foreline pressure be—
low a certain limit (namely, the allowable
backing pressure of TMP), the TMP could not
be operated normally in a fusion experiment
system where hydrogen is the main fuel gas,
Accurate information about hydrogen pumping
characteristics is necessary to judge whether
the scroll pump can be used or not in the
above application, Unfortunately, there is very
scant data for the hydrogen pumping perform—
ance of dry pumps, including the scroll type,

with a few exceptions, [4—6]
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In this paper the experimental setup, the

measuring proéedure, experimental results,
and discussions on the pumping character—
istics, such as the pumping speed, the max—
imum compression ratio and the back—stream-—
ing properties for hydrogen, helium, nitrogen,
and argon, of the scroll pump of the orbiting

type are reported,
II. Experiment

2.1 Device

Fig. 2 shows the experimental setup for
measuring the pumping speed and the max—
imum compression ratio of the scroll pump
(Edwards XDS-35i, 10 L/s, 1 Pa). Most com—
ponents, connections, and fittings used in
constructing the system are of the ISO KF
type. A TMP (Alcatel ATH 31, 30 L/s) is used
to attain quickly the base pressure by con-—
ditioning the whole system, and for =zeroing
the vacuum gauges at a sufficiently low pre—
ssure, Sometimes, a diaphragm pump (Pfeiffer
MVP 055-3, 1 L/s, 200 Pa) is used to lower
the backing pressure of the scroll pump below

the atmospheric pressure,
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Fig. 2. Experimental setup for measuring the
pumping characteristics of the scroll

pump,
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Two capacitance diaphragm gauges (CDG,
MKS Baratron 626A, 0.001~10 Torr/ 722A,
0.002~20 Torr), a Pirani gauge (Varian HV
100, 0.00001~0.1 mbar) and a Bourdon gauge
(Ashcroft, 0~3 atm) are used to measure the
pressures of the inlet and outlet of the pump,
The gas flow is regulated by two mass flow
controllers (MFC, MKS 1179A, 100
2179A, 5000 sccm),

In this experiment, a test dome, recom-—

scem/

mended in the standards for testing positive
displacement vacuum pumps [7], is not ad—
apted, The gas port is 60 mm apart from the
pump inlet, and the gauges are installed at
the upstream side 120 mm further on,

There is, as usual in the case of a pump
exhausted to the atmosphere, a check valve
at the exhausting port of the scroil pump,
The operating differential pressure AP of the
valve is measured to be about 4000 Pa,
Therefore, the practical backing pressure of
the scroll pump is slightly higher than the
atmospheric pressure or the inlet pressure of
the diaphragm pump, depending on the ex-—
perimental mode, Note that the minimum
backing pressure of the scroll pump, even
when the gauge pressure is sufficiently low, is

practically 4000 Pa,

2.2 Procedure

The pumping characteristics of the scroll
pump are measured not only for hydrogen, but
also for nitrogen, helium and argon to inves—
tigate the effects of the mass of the pumped
gas, Before starting the next experiment with
different gas, the system is lightly baked at
the temperature below 100C, and the base
pressure, when isolating the system from the
TMP, is in the lower range of 107> Pa.

The pumping speed of the scroll pump is
measured when introducing a gas into the
pump inlet after closing the valve to the TMP

and reaching the base pressure, The pressures
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at the pump inlet and the outlet are recorded
by capacitance diaphragm gauges and pirani
gauges as increasing the gas flow rate at a
regular step from 1 sccm (~0,0017 Pam®/s at
207T) to 5000 scem by using two MFC's, Then,
the pumping speed is calculated by dividing
the gas flow rate with the pressure rise at the
inlet,

There are two experimental modes for
measuring the pumping speed; 1) exhausting
directly to the atmosphere (1 atm) and 2) in-—
directly through a diaphragm pump, In the
latter case, as a by—product, the pumping
speed of the diaphragm pump is obtained from
the foreline pressure of the scroll pump,

The maximum compression ratio is measured
when introducing the gas into the outlet of
the scroll pump after isolating the inlet of the
scroll pump from the TMP and reaching the
base pressure, Then, the maximum compre-—
ssion ratio is given by dividing the outlet
pressure with the pressure rise at the inlet
when there is no net gas flow through the
pump (no external gas supply). In this case
the pressure rise is assumed to be maintained
by only the gas penetrating through the ro-—
tating scrolls, Because the back—streaming
rate is very low when compared with the case
of the TMP, it takes a much long time to
reach a fully developed pressure profile at a
certain outlet pressure, Therefore, to proceed
with the measurement in a practical time
frame, the outlet pressure is gradually in-—
creased from the base pressure to the atmos—
pheric pressure for a few hours, and then
held at that pressure till attaining the ulti—
mate inlet pressure,

The back—streaming rate is roughly meas—
ured when opening the valve connected to the
TMP, to pump out the upstream side of the
scroll pump, with a known pumping speed,
and introducing tHe gas at the outlet like in
the measurement of the maximum compression

ratio,
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IIT. Results

Fig. 3 shows the pumping speed curves of
the scroll pump for hydrogen, helium, nitro—
gen, and argon, obtained at two exhausting
modes, The reduction of the pumping speed in
the lower pressure range, which is the general
trend found in all the results regardless of
the kind of gas, is probably due to the rela—
tive increase of the back—flow of the gas from
the high pressure side, When the scroll pump
is exhausted to the atmosphere, the pumping
speed has approximately the same pressure
dependency for all the gases except for
hydrogen. At the medium pressure, 5~200 Pa,
the lighter gas has a slightly but apparently
higher pumping speed, However, at a suffi—
ciently low pressure, a reduction of the
pumping speed for helium is clearly found, In
Fig. 3a the pumping speed for hydrogen has a
maximum at 5.5 L/s and decreases very fast
100 Pa, The

pumping speed is 9,8 L/s for helium, 10,5 L/s

when approaching maximum
for nitrogen, and 11,2 L/s for argon. The
pumping speed curve for nitrogen in the pres—
sure range of the experiment agrees well with
recommended one by the maker,

For heavy gases the effect of backing up
the scroll pump with the diaphragm pump is
not much large, because the back—streaming

rate is intrinsically low, However, the pump-—
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ing speed for hydrogen’ is considerably in-
creased by reducing the backing pressure of
the scroll pump, The maximum pumping speed
in this case has nearly the same value for all
the gases, though the heavier gases have a
higher maximum pumping speed; 9.9 (A=4.4)
L/s for hydrogen, 10,4 (A=0.6) L/s for helium,
11 (A=0.5) L/s for nitrogen, and 11.6 (A=0.4)
L/s for argon, where A means the increment
of the pumping speed by exhausting through
the diaphragm pump, In Fig, 3b, below about
200 Pa, the pumping speed has a higher value
for the lighter gases, as shown in Fig, 3a too,
however more obviously in this case,

Fig. 4 is the pumping speed of the dia-
phragm pump for hydrogen, helium, nitrogen
and argon, There is basically no great differ—
ence in the pumping speed for the different
gases, which is the reason why this pump is
selected for backing up the scroll pump, The
pumping speed for the lighter gases is even
larger than those for the heavier gases,

Two graphs for the maximum compression
ratio of the scroll pump as functions of the
outlet pressure and gas feeding time, re-—
spectively, are shown in Fig, 5. For all the
gases the maximum compression ratio de-—
creases gradually with an increase of the out—
let pressure, and this trend continues even
after maintaining the outlet pressure at 1

atm, The temporal evolution of the maximum
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Fig, 3. Pumping speed curves of the scroll pump when exhausting a) to the atmosphere and b) through

a diaphragm pump,
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Fig. 4. Pumping speed curves of the diaphragm pump,
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Fig. 5, Variations of the maximum compression ratio as functions of a) the outlet pressure and b)

elapsed time, maintained at 1 atm,

compression ratio at the outlet pressure of 1
atm (Fig, 5b) indicates clearly a saturation of
the parameter after several hundred hours,
The maximum compression ratio for hydrogen
at 1 atm initially reaches 2.1x10° and the final
value of about 1500 after more than 12 hours,
for helium initially 7X10° and finally 9,5><1O4
after 20 hrs, for nitrogen initially 6‘5><106 and
finally 2.2X<10° after 70 hrs, and for argon
initially 1X10" (final value was not tried).

Fig, 6 is the back—streaming rate as a
function of the backing pressure when the
scroll pump 1is operating, The final values
when maintaining the pressure at 1 atm are
1.25%X10"* Pam®/s for hydrogen and

2x10"% Pam®/s for nitrogen. Figure 7 shows

about
the leak rate measured when the scroll pump

is stoped and the outlet pressure is main-—

tained at 1 atm, Just after stopping the pump,
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Fig. 6. Back—streaming rate of the scroll pump
operated normally,

the leak rate becomes very high due to the
prompt back—flow from near pockets, And then,
the leak rate decreases and becomes quickly
saturated, The saturated values are 4X10*
and 8X107° Pam®/s for hydrogen and nitrogen,

respectively, which are much larger than those
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Fig. 7. Leak rate of the scroll pump when stopped
completely,

of the back—streaming rate measured when

the scroll is orbiting,
IV. Discussion

The pumping speed of the scroll pump, S,

’

measured by a gauge, can be expressed as

follows;
Q=P5=P5 —FS5 — oy
Qb_ ‘Pb _
S:SE)_?_‘SE) _‘S;)?;S(')—‘S;)eﬁf

where @ is the throughput (net flow rate), S
is the intrinsic forward pumping speed, P is
the inlet pressure (more exactly, the pressure
rise compensated with the base pressure), 5
is the backing (or outlet) pressure, &5 is the
back—streaming rate, S, is the back—streaming
speed, and Sp.r is the effective back—stream-—
ing speed felt at the inlet,

So

imum performance,

which theoretically represents the max-—

can be obtained when
@»=0. Parameters related with Sy are the vol-
ume displacement rate Sgy of the rotor and
the transfer rate Sy composed of the con—
ductance from the gauge to the pumping
pocket and the in—rush speed of the gas to
the inside of the pocket, Therefore, the rela—

tion S():S()VS()t/(Sov"‘Sot) is obtained, If S()v((Sot,
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So=5v, and vice versa, At a high pressure the
term Soc can be neglected because the passage
conductance is very high and the pocket is
open long enough during one revolution, for
example, longer than 80 msec at 1750 rpm,
for any gas to expand fully into the pocket,
Therefore, in this case, Sy can be assumed to
be constant and approximately equal to Syy for
most gases, It is reasonable to say that So.
depends only on the intake volume of the
pocket V and the rotational speed /N, namely
Sov=2NV, where 2 indicates that there are two
inlets for one scroll set, V is given by the

following equation,
V=nhéR,p (28, —37)/2 (2)

Here, A, &8, Rog, and @, are the height of
the involuted wrap, the pitch of the con—
volution, the orbiting radius, and the accu-—
mulated angle of the end of the scroll at the
entrance of the outermost pocket, respectively,
Eor is given by 6/2—¢ where ¢ is the thickness
of the scroll wrap, and the area of the outer—
most crescent, O0Eor(2®,—3m)/2, is easily de—
rived by a surface integration or by using the
average radius of the spiral lines forming a
crescent, In the above condition (S=Su), So
does not depend on the mass of the gas and
can be estimated from the pumping speed
curves for heavy gases, which do not receive
a large influence from the back—streaming,
Then, S must be larger than at least 11,6 L/s
(maximum value in Fig, 38b).

However, at a low pressure the conductance
and the in—rush speed may be influenced by
the mass of the gas, which results in a heav—
ier gas with a lower S, This may be one of
the reasons why the pumping speed in the
pressure range below 200 Pa has a larger value
for the lighter gases in both Fig. 3a and 3b,

As a summary, S can be considered as a
slight increasing function of the inlet pres—

sure, of which the change is larger for the
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lighter gas, and has the same maximum value
regardless of the mass of the gas, The pump-—
ing speed curves in Fig, 3b may be assumed
as those of & at least below 100 Pa, and
show, as a whole, the mass dependency of S,
The pumping speed above 100 Pa is strongly
influenced by another factor, probably S,.

Sy includes all the contributions to the
backward flow in the scroll pump including a
return fraction of the intake flow in the way
to the exhaust port, and a leak from the out-—
let, though they are not distinguishable from
each other, It is plausible to consider S, as
the overall leak speed seen from the pump
outlet determined by successive leaks from a
pocket to the just upstream pocket at a fully
developed pressure profile, Therefore, S, de—
pends on the total conductance of the serial
gaps between two scrolls, and consequently on
the mass of the gas. It is safe to assume that
the conductance of a single gap has nearly
the same trend as that of a simple conduit,
Then, a single conductance is constant at a
very low pressure, and, above a transition
pressure, proportional to the average pressure
of the gap. If the end gap of a pocket is 0.1
mm, the transition pressure is about 700 Pa
in nitrogen, and 1200 Pa in hydrogen,

The leak flow experiences a wide range of
the flow regime from a viscous (high pressure)
to a molecular flow (low pressure), depending
on the position, The final S, is mainly gov—
which

would be that of the most upstream element

erned by the smallest conductance
which is at the lowest pressure, It should be
noted that the impact of S, exerted on the
inlet pressure of the scroll pump, denoted as
Srerr, 1s multiplied by the compression ratio
P/ P,

When P, is fixed at the atmospheric pres—
sure, and the inlet pressure of the scroil
pump is at a low level, where the gap con-—
ductance is rearly constant, Sper (€Sy/P in

Eq. (1) is drastically increased until a bal-
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anced inlet pressure, equivalent to the ulti—
mate pressure, is reached at a given backing
pressure, and S becomes zero, As the inlet
pressure increases, Sk decreases inversely
proportional to the inlet pressure, and S in—
creases up to the maximum,

If P, is decreased considerably, when the
scroll pump is backed up by a fore pump, Speerr
is also lowered and the reduction of S at a
lower pressure is moderated, If the pumping
speed of the fore pump is S,, Eq. (1) can be
modified to Eq. (8).

5%

Q= PS=PS5 — PS5 :B’SI’—%S:H—SL/S,,

3

In Eq. (3), the higher S, the larger S is, If
S, is much larger than S, S is always nearly
equal to Sy, If S, is an increasing function of
the backing pressure P, and S, is constant,
which is simultaneously satisfied at a low
throughput, S increases too, Inversely, if S,
becomes proportional to the pressure P, and S,
becomes saturated at a large throughput, S
begins to decrease,

As an order estimation, S, is roughly calcu—
lated using the relation S,=(Sy—S)P/P, and as-
suming S to be 12 L/s when the inlet pres—
sure is high enough to neglect the mass—de-—
pendent term of Sy (that is So). S is about
0.007 and 0.2 L/s for nitrogen and hydrogen,
respectively, at the inlet pressure of 1000 Pa
and at the outlet pressure of 1 atm. We can
obtain full trends of S, for a gas from Fig. 3a
by assuming a graph of Fig 3b as a reference
of S. Fig, 8 shows the variations of the cal—
culated S, for hydrogen and nitrogen, In the
pressure range below 100 Pa, the condition
S6{{S, is satisfied even for hydrogen, and the
above assumption for & can be justified,

The wultimate pressure is theoretically the
attainable pressure at the pump inlet side de—
termined by only an intrinsic back-—streaming

of the pump without any positive gas flow nor
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an outgassing from the chamber wall, which is
the same situation with the maximum com-—
pression ratio measurement, We can evaluate
the ultimate pressure of the pump connected
to the atmosphere, indirectly from a pumping
speed curve, or directly from a final value of
the maximum compression ratio, The ultimate
pressures estimated from the pumping speed
curves extrapolated to the zero line are around
100 Pa for hydrogen, 2 Pa for helium, and
less than 1 Pa for nitrogen and argon, The
ultimate pressure for hydrogen, helium and
nitrogen obtained from the maximum com—
pression ratio measurement are about 70 Pa,

1,6 Pa and 0,5 Pa, respectively,

Backstreaming Speed [L/s]

e ! i 1

10° 10' 10° 10*
Inlet Pressure of Scroll Pump P [Pa]

Fig. 8. Back—streaming speed curves of the scroll
pump calculated from pumping speed
curves,

V. Applications

The scroll pump is now being used for
backing up the TMP (1000 L/s) installed on
the ion source chamber (~300 L) of the test
stand for the KSTAR NBI system, which can
be isolated from the main NBI tank of 60 m®
by a $630 large gate valve, Its function is to
roughen the ion source chamber without a
contamination of the hydrocarbons before
opening the gate valve, and sometimes main—
tain the chamber pressure, when isolated from
the main tank, at an optimum level for mak—

ing a good arc plasma .
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The question is, in the latter case, whether
the scroll pump can function when the ion
source is heavily gassed with hydrogen, For
the optimum condition of the arc discharge in
the ion source, the arc chamber pressure needs
to be about 0.5 Pa and the required hydrogen
throughput is about 500 sccm (~0,84 Pam®/s).
The allowable limit of the backing pressure of
the TMP is about 100 Pa, thus the pumping
speed of the backing pump should be larger
than 5 L/s at this pressure, The inlet pressure
of the TMP is permitted up to about 10 Pa,

Fig. 9 shows that the above condition can
not be satisfied by using the scroll pump
alone (line B), because the pumping curve
does not cross the limit line (100 Pa) of the
backing pressure of the TMP, If the scroll
pump is exhausted through the diaphragm
pump (line A), the backing pressure and the
inlet pressure of the TMP can be simulta-—
neously maintained below the allowable limits
as long as the throughput is kept below 0.9

Pa-m®/s (horizontal dash—dot line).
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Fig. 9. Operational diagram of TMP and the scroll
pump. Linear lines are from @=SP for con—
stant Ss, Two vertical lines are the limits
of the inlet (P,) and outlet (P, pressure,

VI. Conclusions

The pumping speed for hydrogen of a scroll
pump exhausted directly to the atmosphere not

only has a considerably lower value than those

21



S.RIn

for heavier gases at the same inlet pressure, but
also diminishes drastically when the pressure
decreases to 100 Pa, In this condition the scroll
pump can not be used for backing the TMP op—
erated with a large hydrogen throughput,
However this severe deterioration in the hydro—
gen pumping characteristics of the scroll pump
can be moderated by connecting a small dia—

phragm pump to the outlet of the scroll pump,
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