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In Japan, Ion Engine System ( hereafter called IES ) for - i reir i
Engineering Test Satellite VI ( ETS-VI), which is to be launched IVDEI1 H PMU 1 K
in 1993, is under development. In this IES, the mass flow
controller ( MFC ) for the propellant Xe gas is to be installed AL i TRSMIC 1B I I i I
between the Propellant Management Unit ( PMU ) exit piping and
3 thruster ( TRS ) inlet ports. L —

This developing MFC has the subtle mass flow rate TRSMFCIA ;
controllability even in vacuum environment. Prototype model of il
this space-use MFC is the thermal sensing / actuating mass flow 1VDE2 H PMU2 K
controller for industrial uses such as semi-conductor
manufacturing processes. Comparing with the ground-use, for ALl N TRsMRC28 | i
the application of this industrial MFC to the space-use, some

considerations on the vibrational / acoustic and other mechanical /
thermal environment in launching, radiant rays and thermal
configuration changes in vacuum circumstance on orbit and,
moreover, reliability / life-time for the long-térm operation were
required.

Subtle mass flow rate controllability of this MFC is very
attractive and advantageous feature for the IES precise thrust
throttleability / controllability and propellant consumption
management. Therefore, it is obvious that the subtle mass flow
rate control realize the optimum IES operation ( high specific
impulse, high propellant utilization efficiency and operational
flexibility ) .

In the development of IES-MFC for ETS-VI, this MFC
device shows the sufficient applicability for the space-use
throughout the series of the development tests ( thermal-vacuum
tests, vibration tests and so on ).

Introduction

Ton thrusters are very attractive propulsion devices because
of their high efficiency and high specific impulse capabilities.
These advantages of ion thruster are due to the subtle mass flow
rate required for the thruster operation and ion beam high exhaust
velocity from thruster.

Figure 1 shows the System Block Diagram of IES for ETS-
VI and Figure 2 shows the schematic of ITRS ( Integrated
Thrusters including 2 TRSs and 2 MFCs ), PMU and IVDE ( Ion
Engine Valve Driving Electronics ).In ETS-VI IES design, as
shown in Figures 1 and 2, the mass flow controller is to be
installed between the PMU exit piping and 3 TRS inlet ports.
Mass flow rate of the gaseous Xe propellant from PMU to TRS's
inlet ports ( 1. NHC: Neutralizer Hollow Cathode, 2. MHC:
Main Hollow Cathode, 3. MPF: Main Propellant Feed Assembly
ponCto the discharge chamber ) are controlled respectively by
MFC.

In ETS-VI IES project, the space-use MFCs are fabricated,
tested and evaluated. This paper deals with the outline of the
space-use MFC design concepts and its test results / evaluations.
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Fig. 1 System Block Diagram
Note : TCU, IVDE and PMU have a full redundancy in one unit

Fig.2 Schematic of ITRS, PMU and IVDE

MEC Components and Configuration

Figure 3 shows the schematic of IES-MFC. As shown in
Fig. 3, IES-MFC has the identical 3 MFC units and each unit
consists of the following components.

1. Sensing Element
2. Orifice Actuator
3. Control Electronics
( e.g. bridge circuit, control circuit )

The photograph of IES-MFC is shown in Figure 4. The
operating principles and the major functions of each MFC
component are describes below.
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Fig.3 Mass Flow Controller Schematic
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Fig. 4 Photograph of PM MFC

of sensing Element
As described above, each MFC unit outlet port of IES-MFC
is connected to the TRS's NHC or MHC or MPF pipe,
respectively. On the other hand, all MFC unit inlet ports are
attached to the same piping from PMU. The MFC is able to
operates at any inlet pressure of the flowing gas within the range

from 0.8 kg / cm2-A to 2.7 kg / cm2-A, even when the inlet’

pressure to MFC is increasing ( during propellant Xe gas charge
to PMU-Subtank from Main tank by the control logic ). Major
functions of each components of MFC unit are as follows.

1. Sensing Element : Mass Flow Rate Measurement

The detection of the mass flow rate is performed by the flow
sensing element which consists of two temperature sensitive
resistance wires winding on the capillary tube. These resistance
wires operate not only as flow sensing element but also as flow
heating element by the sensor current. The resistance /
temperature difference between these two resistance wires (
upstream wire and downstream wire ) is induced by the laminar
flow heat transfer from sensing / heating wires to the flowing Xe
propellant in the capillary tube. This difference between two
wires are in proportion to the flowing mass flow rate excluding
the heat saturation range.

XeGas(25°C)

Al : Valv A

As shown in Fig. 3, orifice actuator consists of small orifice
and valve stem in which valve heater element is installed. The
valve clearance control is performed by the heat expansion or the
heat contraction of the valve stem length.

1L El ics : r ircui

Mass flow rate output from the sensing element ( resistance /
temperature difference between two wires ) is amplified by the
bridge circuit and the mass flow signal is obtained. Comparing
the obtained real-time mass flow signal with the given reference
signal from ground, the orifice valve is actuated in a closed loop.

imulati mple of ing Elemen

In the case of the subtle mass flow rate, as described above,
the low Reynolds-number ( Re ) incompressible viscous flow is
realized in the capillary tube. Therefore, conventional Poiseuille
flow analysis is the useful temperature / flow simulation method.

The nondimensional governing equations ( Continuity
equation, Navier-Stokes equation and Energy Equation )

expressed by using stream function y, vorticity @ in cylindrical
coordinates ( x : axial direction, r : radial direction ) are as
follows.

Continuity equation
Py 310y _
a;"’r;(;a—r =rw
Navier-Stokes equation
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Re : Reynolds-number
Pe : Péclet-number ( Pe = RexPr )
Pr : Prandtl-number

Figure 5 shows the preliminary simulation sample of the
temperature distribution in the flowing Xe gas and along the
capillary tube wall, when 1 SCCM ( standard cubic centi-meter
per minute ) Xe gas is flowing in the capillary tube.
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Performance Qutline
MFC performance outline is shown in Table 1. By using
MEC for IES, real time monitoring and control of propellant is
available, which offers many advantages as follows.
1) Real time evaluation and control of thruster performance
( specific impulse, propellant utilization efficiency, and so
on ) is possible, which offers optimum thruster operation.
2) Direct and real time evaluation of propellant consumption
is possible.
3) Optimum propellant flow rate will be achieved for
various thruster operational mode ( thruster idling mode,
discharge mode, neutralizer mode, etc. ).
4) Balancing of neutralizing current will be achieved by
subtle control of propellant flow rate. : 5
5) Automatic control of decompression processes in PMU, is
available during thruster operation. It saves a lot of time
of the preparation for the IES operation in practical use.

Table 1 Performance of MFC
Items Performance
1. Full Scale (FS)
Xe Mass Flow Rate
a MHC,NHC 5saoM
B. MPF 10 scoM
2. Control Accuracy within +5%
3. Power
Consumption lessthan 9 W
4. Weight less than 1000 g
* SCCM : Standard Cubic Centi- meter
per Minute
Devel / Qualification T | Life T

In the design and test of MFC for space use, next point
were taken into account. :

1) Use in vacuum condition.( MFC is set up in vacuum
condition, and gas flow is released into vacuum. )

2) Vibrational / Acoustic Environment

3) Electromagnetic interference (EMI )

4) Radiant Rays

5) Interface between TRS and PMU. ( Especially, the
response characteristics to the change of reference signal
and input pressure increase. )

6) Life Time

Evaluation tests were performed using Development Model (
DM ) and Engineering Model ( EM ) in component level, ITRS
level and system level , and the results of these tests were
reflected in the design of Qualification Model.

One example of test results ( using Qualification Model ) is
shown in Fig.6. This chart shows a typical changes of control
accuracy through baseline test, post-vibration test and thermal-
vacuum test. It is obvious that MFC has sufficient capability for
vibrational / thermal environment.

Another example is shown in Fig.7. This chart shows the
mass flow signal in a step response. No mass flow rate
overshoot or undershoot was observed in this figure. In the case
of the ETS-VI IES for north-south station keeping, considering
the required period for 1 operation ( 2~3 hours at descending or
ascending node ), quick response characteristic is not so urgent
requirement. On the other hand, no overshoot or undershoot
characteristic for a step response is important design factor.
Figure 8 shows the outline of the thruster control logic in the case
of the " Beam Mode ". Compared with the mass flow rate needed
for the steady state neutralizer discharge, the more mass flow rate
for the neutralizer discharge ignition is required. In the ETS-VI
IES mass flow control scheme, as shown in Fig. 8, " SL" ( Start
Level ), " NL " (Nominal Level ) and " IL " (Idling Level ) mass
flow rate for the neutralizer are programmed in the " Beam Mode
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Fig.7 Mass Flow Signal in a Step Response

". " SL " mass flow rate is to be reduced to " NL " mass flow
rate by the control logic after the beam exhaustion. Therefore, in
order to avoid the discharge blow out by the mass flow rate
undershoot, "no undershoot " performance for a step response is
elésscntial requirement for the application to the practical use for

Life test using DM / EM MFCs and TRSs are now
undergoing at Tsukuba Space Center of NASDA, and no serious
troubles are occurred. Changes of control accuracy after 1500
hours operation ( 500 cycles ) is shown in Fig.9, and the changes
are sufficiently small.

Life tests for mass flow sensing units were also performed
in continuous mode and cyclic mode in vacuum condition. The
obtained results were also satisfactory for required life time.

Through these evaluations, we are convinced that MFC has
sufficient capability for space use.

Conclusions

Design concepts, operating principles and development / life
test evaluations of IES-MFC in ETS-VI project are described. In
the series of the MFC unit tests, MFC-TRS test and ITRS test in
which 2 TRSs and 2 MFCs are assembled, prototype model
MFC show no serious obstacles to proceed the last step for the
application in space.

In addition to the IES propellant management, the subtle
mass flow rate controller will be the promising device for the
many activities in space.

Acknowledgement

The authors would like to thank NIPPON TYLAN CORP. for
their assistance in the development of MFC for space use.



91-109

References

1. Berg, Hans-P and Bassner, Helmut F., " Propellant Storage
and Feed System for the Radiofrequency Ion Propulsion System

RITA , " AIAA Paper 90-2592, AIAA / DGLR /

JSASS 21st

International Electric Propulsion Conference, July 1990,

Orlando, USA

2. Takegahara, H. et al., " Ion Engine System for North-South

Station Keeping of Engineering Test Satellite VI, ’

* AIAA Paper

87-1005, AIAA / DGLR / JSASS 19th International Electric
Propulsion Conference, May 1987, Colorado Springs, USA

3. Shimada, S. et al., " Ion Engine System Development of
ETS-VI, " AIAA Paper 89-2267, AIAA / ASME / SAE / ASEE
25th Joint Propulsion Conference, July 1989, Monterey, USA

Start up Sequence

Remads.
TCUAON
CONFIRM " ALL VALVES CLOSE*
SELECT " PMUA SYSTEM*
SELECT " AUTO CONTROL."
PPU 1A, 2AON
IVDE 1A, 2A ON

SET * REFERENCE VALUES "
1d REF, Ich (NL) REF, Inh (NL) REF,
Mmb (NL) REF, Mimpf (NL) REF,
Mnhc (NL) REF, Mnhe (SL) REF
SELECT " BEAMMODE *

Listof Symbols
PS1 BeamPS
PS2 Accelerator PS
PS3  Main Discharge PS
PS4 MHC Heater PS
PS5 MHCKeeper PS
PS6 NHC Heater PS
PS7 NHC Keeper PS

MFCPS
IL  Idling Level (Fixed)
NL  Nominal Level
SL  StartLevel
Mmhe Mass Flow Rate for MHC
Mmpf Mass Flow Rate for MPF
Mnbhe Mass Flow Rate for NHC
Ich  MHC Heater Current

MU/ IVDE CONTROLFLOW
PR VaRRY D
> PN VORETD
* USING SUBTANK PRESSURE IS TO BE
MONITORED INANY TIME BY TCU.
GAS CHARGE STARTS AT LOWER
e LIMIT AND TERMINATE AT UPPER
LIMIT AUTOMATICALLY
*WAIT UNTIL TWO THRUSTERS STATUS
PROCEED TO " PS4 OFF " AND
3 MIN. or 5§ MIN. LATER FROM " [ES
L ( START OF THRUST GENERATION)
—> NN

GTEADY STATE GE THRIST GENIRATION. D

Fig8 CmceplsoﬂESOpaaﬁon(ConnmndSquemeandSoftwamLogic)
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Fig.9 Control Accuracy during Life Test





