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Gas fueling systems operated in the mode of a fixed valve opening at a constant line pressure, and

the mode of a constant inlet flow are simulated to establish the relationships between the gas flow

pattern and the tube dimensions under various system conditions,
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I. Introduction

A fueling system for the lst plasma of the
KSTAR(Korea Superconductor Tokamk Advanced
Research) tokamak, which will be completed in
the end of next year, is now under design, The
1st plasma of a tokamak is defined as a plasma
generated by wusing a full basic engineering
system at a minimum but meaningful power
level, A fast feed—back control of gas fueling
according to a change in the plasma density is
usually not necessary at this stage, and thus, the
mode of a fixed valve opening at a constant gas
supply line pressure, and the mode of a constant
inlet flow may be the primary candidates of the
KSTAR fueling scheme, Both fueling modes use a
control valve whose conductance can be changed
in a timely manner, and they have similar opera—
ting characteristics, However, the latter one needs
a kind of slow feed—back control to maintain a
gas flow at a constant level,

Key parameters for designing a fueling system
are the peak flow rate, the delay time, and the
pulse duration., A unique set of values for the
three parameters produces a unique gas flow
pattern, The gas flow pattern can be properly

controlled by adjusting the gas supply parameters

and the tube dimensions, The peak flow rate is
mainly determined by the gas supply parameters
such as the gas supply line pressure and the
valve conductance, The delay time can be roug—
hly considered as the time taken to fill up the
gas transferring tube, therefore, it depends on
both the gas supply parameters and the tube
dimensions, The gas pulse duration is composed
of the delay time, the flat—top time, and the
decay time, It is expected that the decay time
has a similar dependency on the system parame—
ters to that of the delay time, The flat—top time
is simply given by an opening interval of a
control valve,

In this paper the dependences of the delay
time and the peak flow rate of a fueling system,
which is operated in the mode of a fixed valve
opening or the mode of a constant inlet flow, on
the gas supply parameters and the tube dimen—
sions are investigated, The relationships are

definitively expressed by functional forms,

II. Numerical Simulation

A schematic drawing of a fueling system which
can be operated in two different modes is illu—

strated in Fig, 1, The two fueling modes are nearly
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Fig. 1. Schematic drawing of a fueling system
with a control valve, Dotted lines are for

the mode of a constant inlet flow,

the same as each other except that the constant
parameter is the line pressure or the inlet flow
rate, The following time—dependent non-—linear
partial differential equation is established for a

gas flow in a tube of a uniform cross—section,
[1,2]

BP(a:,t):i C,(z,t) aP(x,t)
ot ox A o

1)

where P is the pressure in the tube, C, is the
pressure—dependent conductance of the unit len—
gth, and A4 is the inner cross—sectional area of
the tube, C, [m®/s] is given by Eq. (2) of reference
[2], which is applicable to the whole pressure re—
gime from a molecular flow to a viscous laminar
flow.

The gas flow rate at the tube exit is calculated
by Eq. (2)

e — [ 2520 @

When the gas supply line pressure is constant
at Py, the boundary condition at the entrance of

the tube(x=0) is given by

q(0,t) = C, (P~ P(0,t)), t=0, (3
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where q(0,t) is the flow rate at the tube inlet
and C, is the conductance of a control valve, -

On the other hand, when the inlet flow rate is
constant at ¢y, the boundary condition at the

tube inlet is given by

aP(z,t)

q(0,t) =— {C’u pye

L:o:% @

The boundary condition at the tube exit(x=L) is
expressed as P(L,)=Fum(t) regardless of the fu—
eling mode, where Ay is the chamber pressure,
The initial condition is given as P(x,0)=Fum(0)=
Puo. Solving Eq. (1) numerically with the boundary
conditions and given values of ¢, and A, the
dependency of a gas flow pattern on the tube
dimensions and the gas supply parameters can be
obtained,

In the calculations the line pressure of the
hydrogen gas is fixed at 1013 mbar or varied
from 500 mbar to 2000 mbar in three steps, & is
from 107% to 14 /s in four steps, and qo is from
0.1 to 10° scem(0.00182~1816 mbar -+ £ /s at 2
07C) in seven steps. Under usual fueling demands
and pumping conditions, P can be safely set at

Zero,

III. Results and Discussions
A. Mode of fixed valve opening

The delay time(Zslay) of a gas flow in a simu-—
lation is defined as the time when the gas flow
rate at the tube exit reaches 90% of that at the
tube inlet, fseay iS5 roughly expressed as Vp/ G,
where I/;(NDZL) is the inside volume of a tube,
and G, [~D'L'R™, where, {n,m} is {4,1} for a
viscous flow and {3,0} for a molecular flow, and
P=P(0,)] is the conductance of a tube of
length L, Therefore, the relation tdelay’VD_lLZ is
obtained for a molecular flow, which is indepen—

dent of &, and F,. For a viscous flow, because
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Fig. 2. Time variations of the pressure in a tube
of diameter 6 mm for three values of the
tube length at a fixed line pressure of
1013 mbar and with a fixed valve opening

of 0.01 7 /s.

B=R/(1+Cy/ C)~[RC/(TF/D)]1%°, it is expected
that faeay~D *L°R'~L"°C, "° %% which is in—
dependent of D, The maximum flow rate(gmaz) at
a steady state(£=o0) is given by gua=F(CG/
(CAHC)~PC(=q1). q is the initial flow rate if
assuming P(0,0)=0,

Fig. 2 shows the temporal variations of the
pressures at three different positions in a tube
at a fixed line pressure of 1013 mbar, The pre—

ssure at each position is increasing up to its
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Fig, 3. Time variations of the flow rates at the
tube exit for various system parameters

at a fixed line pressure of 1013 mbar,

maximum during a time lag which becomes longer
when the position is more distant from the tube
inlet, Fig. 3 presents the time variations of the
flow rate at the tube exit for various system
parameters at a fixed line pressure of 1013
mbar, End point of each curve corresponds to
faelay. All the curves are divided into groups
depending on the valve conductance and the tube
length, The dependency on the tube diameter is
manifested more clearly at a lower inlet flow,
Two examples of the temporal evolution of the

pressure profile in a tube from ¢=0 to f={fgeay at

1x107 D=6 mm, L=1m, c =1 0° U8 (molecular flow) i[s]
-1,,.(0.3)

elay
........ 025

Pressure [mbar]

[+ ] 1 1
0.0 0.2 0.4 0.6 0.8 1.0
Normalized Distance from Tune Inlet {x/L)
(b)

Fig. 4. Temporal evolution of the pressure profile in a tube from t=0 to t=t90% for a) a viscous flow

and b) a molecular flow regimes.
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Gas flow pattern through a long round tube of a gas fueling system (llI)

two different flow regimes are described in Fig,
4. All the pressure profiles have monotonic
negative gradients, For a molecular flow, where
the conductance in the tube can be considered as
a constant, the second derivative of a pressure
profile always has a negative value, because the
pressure continuously increases at any position
and any time up to {=fseny. For a viscous flow, a
pressure profile changes gradually from a nega-—
tively convex one to a positively convex one when
approaching a steady state, However, it does not
mean that the tube pressure starts to decrease,
because it is caused by the fact that the unit
conductance in a tube is proportional to a local
pressure,

Fig. 5 shows the dependency of the delay time
(fseray) on the valve conductance for different
sets of tube dimensions, felay can be expressed
as a decreasing function of the valve conduc—
tance like tdelay~a,_0'5 when C, has a sufficiently
large value. {filay becomes saturated at a low
value of G, especially for a thick tube, where the
gas flow can easily turn into a molecular one
because of a low pressure level in a tube,

The relationship between tacsy and the tube
length is plotted in Fig, 6 for twenty sets of valve

conductances and tube diameters, tqeay is nearly

Delay Time [s]

10°L L

10°  10° 0° 10° 10° 10" 10°
Valve Conductance C, [¥s]

Fig. 5. Dependency of the delay time on the

valve conductance for different sets of

tube dimensions,
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proportional to the square of the tube length for
a small valve conductance and for a thin tube.
taelay fOr a large valve conductance and/or a thick
tube, where the gas flow is in a viscous regime,

is proportional to L' As clearly shown in Fig, 7,

100 _cv=10 tis
10}
N
)
E 4l
|—
% D[mm]
) —u—6
8 o1l --12
A 24
g 48
001} -4 96
1 10
Tube Length L [m]
(a)
c=10" s ;
10
2
e 1F
E
-
> D[mm]
o o1} —n—8
(a] --0--12
A 24
-7 48
0.01 | - &-- 88
1 10
Tube Length L [m]
(b)
10° 3
=
(] 1L
EE
-
™
L}
a 1wt
103 1 1

Tube Length L [m]
(©)
Fig. 6. Relationship between the delay time and
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Fig. 8, Relationship between the delay time and
the line pressure for a 6 mm thick and 5

m long tube,

taelay is nearly independent of the tube diameter
for a viscous flow, because an enlargement of the
tube diameter causes an increment in the tube
volume as well as an increase of the tube con-—
ductance, The relation tdelayNDf1 is obtained for a
small valve conductance, and for a thick and
short tube,

Fig. 8 shows the relationship between #usay and
the line pressure for a 6 mm thick and 5 m long
tube, Zgelay iS inversely proportional to the square
root of the line pressure for a large valve con—
ductance, and becomes independent of the line
pressure as the valve conductance decreases,

The maximum flow rate in the steady state
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Fig. 9. Time variations of the inlet and outlet
flow rates normalized to the initial flow

rate gl

(gmax) at the tube exit is less than the initial flow
rate at the tube inlet, because the pressure drop
through a control valve and the inlet flow rate
are not fixed but gradually decreasing up to
steady state values, Fig., 9 shows the time varia—
tions of the inlet and outlet flow rates norma-—
lized to the initial flow rate ¢r. The two flow
rates eventually coincide with each other at a
steady state value, A reduction in the steady state
flow rate is increased with the tube length,
Fig. 10 presents the dependency of gmsx on the
valve conductance for tubes of 6 mm and 12 mm
thick, and 1~25 m long, A larger valve conduc—

tance, and a thinner and longer tube lead to a
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Gas flow pattern through a long round tube of a gas fueling system (II)
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Fig. 10, Dependency of the steady state flow on
the valve conductance for the tubes of 6
and 12 mm in thickness, and 1~25 m in

length,
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Fig. 12, Temporal evolution of the pressure pro—

file in a tube after closing the valve,

larger decrease of ¢gmax, Which is due to a larger
pressure drop. For a 12 mm tube, the decrease
of @max is not much and it can be safely conside—
red to be the same as the initial flow rate, The
inside graph in Fig, 10 indicates that a higher
line pressure results in a higher gnax at a fixed
initial flow rate, because the line pressure is
the driving force of the gas flow through a tube,

A pressure pulse is generated by switching on
and off a control valve, If the valve is closed
after a gas flow has reached a flat—top, the gas
flow starts to decrease with a characteristic decay

time constant(refer to Fig. 11). The pulse duration
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Fig. 11, Example of the gas flow pattern through
a tube,
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Fig, 13. Comparison of tgelay, trise, 80d tdaecay fOr a
6 mm thick and 1 m long tube from the

molecular flow to the viscous flow,

is approximately the summation of the rise time,
the flat—top time and the decay time., The decay
time is defined as the interval between the time
when the pressure drop is 10% of its maximum
value and the time of a 90% drop.

The rise time(4ise) and the decay time(fsecsy) are
also proportional to V;/C, like the delay time
(%ae1ay). However, the pressure—dependent conduc—
tance C, in the decaying stage would be consi—
derably different from that in the rising stage,
Fig. 12 presents the time evolution of the pressure
profile after closing the valve for a 6 mm thick

and 1 m long tube, The pressure profile is
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positively convex all the time in contrast to that
at the rising stage. Thus the average pressure in
the decaying stage is less than that in the rising
stage at a similar flow rate,

taelay, Lrise, 8Nd fgecay are compared in Fig, 13 for
a 6 mm thick and 1 m long tube, #ecay is nearly
the same as #4ise for a molecular flow where ( is
independent of the pressure, However, floecay 1S
nearly twice as much as 4ise for a viscous flow,
where the average pressure and consequently the
tube conductance in the decaying stage is much
lower than those in the rising stage, fise iS
around 90% of the delay time at a molecular flow
regime, but becomes much short to 60% of the
delay time for a viscous flow regime, because it
takes more time to attain a 10% rise when the
pressure is still low at the beginning of a gas
pulse, The small figure inserted in Fig, 13 indi—
cates that a higher line pressure produces a
relatively shorter decay time, which is closely
related with the inside figure of Fig, 10, This is
based on the fact that at a higher line pressure,
the pressure level and the conductance in the
tube also become higher,

All the calculation results for the dependency
of the time constants in a gas flow can be sum—

marized as follows;

715,05 p—05 ;
tgeiy ™~ L " Cy OBy 7 for viscous flow,

(6
~D™L? for molecular flow,
=~BD L' FCT,0<m<1,15<n<2,
0<k<05 05505,
trise =09 tdelay’ tdemy = trise’
(7
Tmax = au PO

B is a proportional constant, The equal signs
are satisfied when a gas flow is at a fully vis—

cous regime or a fully molecular regime,
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B. Mode of constant inlet flow rate

For a molecular flow, the relation faay~D 'L
is satisfied in this case too. If the inlet flow
rate is fixed at qo, for a viscous flow, because
P=qo/ G~ (qo/ (D) L)°, taaey~D *L'R ' ~1" g0 **,
which is independent of D, These relations are
basically the same as those of the previous
section, if noting that qi(=F,) is in principle
equal to qo. And then, the simulation results are
also similar to those of the fixed valve opening
mode except for some minor differences,

Fig. 14 shows the dependency of the delay time
(tielay) on the inlet flow rate for different sets of
tube dimensions, fiay of the gas pulse is a de—
creasing function of the inlet flow rate, that is,
tdelayquo_l for a large value of qo. However, fyelay
becomes saturated at a low ¢go especially for a
thick tube, where the gas flow is usually in a
molecular regime,

The relationship between fieay and the tube
length is plotted in Fig, 15, Zselay is nearly pro—
portional to the square of the tube length for small
values of go and for thin tubes, fw..y for a large
go and/or a thick tube is proportional to Ll's,

tielay 18 nearly independent of the tube diameter

Delay Time [s]

¢ £ Tl i

0

10° 10 10° 10
Inlet Flow Rate q, [mbar.¥/s]

Fig. 14, Dependency of the delay time on the

inlet flow rate for different sets of tube

dimensions when the inlet flow rate is

constant,
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Gas flow pattern through a long round tube of a gas fueling system (I}

as shown in Fig, 16 except that # is proportional All the calculation results for the dependency
to D' for a small o, and for a thick and long of the delay time in the gas flow on the system
tube, parameters can be summarized as follows;

ety ~ Lg% for viscous flow,
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—m— 000182 _
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- - 1817 0< k<05
— - 1817 ) = k= Uo.
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o Y »—_jf’ "'d; 6 is a proportional constant, The equal signs
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Fig, 15, Relationship between the delay time Fig. 16, Dependency of the delay time on the
and the tube length for tube diameters tube diameter for tube lengths of a) 1
of a) 6, b) 12, and ¢) 24 mm, and b) 5 m.
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be completed by the end of 2007, and the lst
plasma will be publicly displayed after a commi—
ssioning stage of 6 months, The vacuum vessel
of the KSTAR tokamk is encased by a cryostat
and the shortest access to the plasma chamber
is 2 m, The fueling system for the 1st plasma is
now under design to be a pre—programmed valve
opening type without a feed—back control, The
requirements on the gas fueling, which is based
on an ECH(electron cyclotron heating) assisted
start—up scenario [3], are as follows; @gmax=150
mbar ¢ /s, faaay=2 ms, and pulse duration=5 ms,

If assuming that the fueling system will be
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Fig. 17. Graph showing allowable values of the
tube length to satisfy the fueling re—

quirements.
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In

operated in a viscous laminar flow regime where
the parametric relationships are well defined
and relatively short time lags are obtained, B in
Eq. (6) can be determined by using simulation
results,

From a data point{fay=0.002456 s} on a graph
in Fig, 4 or Fig, 5 for a typical parameter set{Z=
5 m, P =1013 mbar, C, =1 £ /s}, the value of B is
determined to be 0,0699, From Eq. (6) and Eq,
(7), L is calculated to be 0.5 m, One of the rea—
sonable solution sets for A and (, is {1000 mbar,
0.15 ¢ /s}. To fulfill the condition L=0.5 m, the
control valve should be located inside the vertical
port. If the tube length must be 2 m or more,
there is not a simple solution to satisfy the
requirements(see Fig, 17). A complicated but re—
asonable solution is to set ¢i(=AC,) much larger
(for example, 500 mbar *+ £ /s) than the required
one and to close the control valve at the time
when the flow rate approaches a target value, Fig,
18 shows the gas pulse shapes generated by the

two solutions,

V. Conclusions

The operating characteristics of the gas fueling

system composed of a control valve, and a gas

D=24 mm, L=2 m, P, =1000 mbar, C =0.5 Us
— q =500 mbar.s
% 700 | k
=3
~
8
g 150}
[]
E 100 |
% Closing Valve
i 50
7}
8 =1.61 mbar.2
']

0 4 8 12 16 20 24 28
Elapsed Time from Valve Opening [ms]

(b)

Fig. 18 Gas pulse shapes for two possible solutions when a) L=0.5 m and b) L=2 m,

602

Journal of the Korean Vacuum Society 15(6), 2006



Gas flow pattern through a long round tube of a gas fueling system (il)

transferring tube were simulated by a numerical
calculation, All the calculation results indicated
that the relationships between the gas flow pat—
tern(the delay time, the maximum flow rate) and
the system parameters(the line pressure, the valve
conductance, the tube length, and the tube dia—
meter) were in principle identical to those analy—

tically expected,
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