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Abstract ITRS I
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In Japan, Ion Engine System ( hereafter called IES ) for
Engineering Test Satellite VI ( ETS-VI ), which is to be launched IVDEI PMU
in 1993, is under development. In this IES, the mass flow
controller ( MFC ) for the propellant Xe gas is to be installed
between the Propellant Management Unit ( PMU ) exit piping and I C
3 thruster ( TRS ) inlet ports. I TRS

This developing MFC has the subtle mass flow rate Pr u TRsM2 A
controllability even in vacuum environment. Prototype model of
this space-use MFC is the thermal sensing / actuating mass flow IVDE PM
controller for industrial uses such as semi-conductor
manufacturing processes. Comparing with the ground-use, for - -
the application of this industrial MFC to the space-use, some
considerations on the vibrational / acoustic and other mechanical / ri. System Block Diagram
thermal environment in launching, radiant rays and thermal
configuration changes in vacuum circumstance on orbit and, Naoe:TCU. IVDEand PMU havecfuln uedacy ino unit
moreover, reliability / life-time for the long-term operation were
required.

Subtle mass flow rate controllability of this MFC is very In .

attractive and advantageous feature for the IES precise thrust m. _ ._ ._. -- - p.. - -i.A. .IU
throttleability / controllability and propellant consumption I ITRSI s a Ta .se..U
management. Therefore, it is obvious that the subtle mass flow 3 - ----- . -- -- - ! vep.cuae u11

rate control realize the optimum IES operation ( high specific 'in TRSI II ,,mnT In.UT.rT .
impulse, high propellant utilization efficiency and operational R~'AM' i a Trmn r
flexibility). I I -. - . 1..... " 1'

In the development of IES-MFC for ETS-VI, this MFC ;i M ul V i
device shows the sufficient applicability for the space-use . m.u,, au i~,f
throughout the series of the development tests (thermal-vacuum i
tests, vibration tests and so on ).
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Introduction i s l

Ion thrusters are very attractive propulsion devices because * ,i
of their high efficiency and high specific impulse capabilities. Min
These advantages of ion thruster are due to the subtle mass flow m BIosE .__.
rate required for the thruster operation and ion beam high exhaust I L ---.. IVDEI
velocity from thruster. i i

Figure 1 shows the System Block Diagram of IES for ETS- t..j I
VI and Figure 2 shows the schematic of ITRS ( Integrated v"pi
Thrusters including 2 TRSs and 2 MFCs ), PMU and IVDE ( Ion .------

Engine Valve Driving Electronics ).In ETS-VI IES design, as I' TRS2 I. .-

shown in Figures 1 and 2, the mass flow controller is to be iC _- -- -_- .-_-.- IKS
installed between the PMU exit piping and 3 TRS inlet ports. :. -.---- ,i r  - -------
Mass flow rate of the gaseous Xe propellant from PMU to TRS's I TRS3 I'i PMU

inlet ports ( 1. NHC: Neutralizer Hollow Cathode, 2. MHC: . . ------------ '- 3 i-
Main Hollow Cathode, 3. MPF: Main Propellant Feed Assembly v r - - - - - - - - - - IVDE'
port to the discharge chamber ) are controlled respectively by TRS4 rs --
MFC. i---c------ I4 IJ

In ETS-VI IES project, the space-use MFCs are fabricated, PO .--- TN2
tested and evaluated. This paper deals with the outline of the
space-use MFC design concepts and its test results / evaluations. Fi. 2 SchcnmaicofnTRS.PMUa dIVDE

MFC 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.

* Manager, Member AIAA 1. Sensing Element

** Engineer, Member A A 2. Orifice Actuator
Engineer Member AIAA 3. Control Electronics

Presently, Assistant Professor, Shonan Inst. of Tech. ( e.g. bridge circuit, control circuit)
Dept. of Mechanical Engineering, Member AIAA The photograph of IES-MFC is shown in Figure 4. The

t Engineer, Propulsion Group operating principles and the major functions of each MFC
component are describes below.
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2. Orifice Actuator: Valve Clearance Actuator

S.,F a-, - -,- | . As shown in Fig. 3, orifice actuator consists of small orifice
1 Dt c-LTri R and valve stem in which valve heater element is installed. The

-BRD-- valve clearance control is performed by the heat expansion or the
Sheat contraction of the valve stem length.

SSESLNG
ELEENTr 3. Control Electronics : Comparator and Control Circuit

(wTsNF) 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

SSMCFka -- aCCR the obtained real-time mass flow signal with the given reference-• . c RCLTr ^ signal from ground, the orifice valve is actuated in a closed loop.

S---^ . ° Simulation Sample of Sensing Element
SENSING
SELM In the case of the subtle mass flow rate, as described above,

_ the low Reynolds-number ( Re ) incompressible viscous flow is
(.iT-JIHC) -realized in the capillary tube. Therefore, conventional Poiseuille

flow analysis is the useful temperature / flow simulation method.
The nondimensional governing equations ( Continuity

HC
A

o aR  - - Ca\CL equation, Navier-Stokes equation and Energy Equation )
N HCFw t- ClX 5 expressed by using stream function y, vorticity o in cylindrical

.|coordinates ( x : axial direction, r : radial direction ) are as
follows.

SERNSi
15V oPe -C:r S ELOe T
.tsv, |~ r Continuity equation

X-cGAS - 2( TRS'SHC) XeGAS + T - = r)
(FROM MU) aX2 ar r r

Fig. 3 Mass Flow Controller Schemac Navier-Stokes equation
Navier-Stokes equation

tNo TCU . PPJ + ++

at vx r Rex 2 r rr r
Energy Equation

T + T + T 1. a2T a a
t t+ Vxx +vr P e l.ax2 rar adr

where

vx- l

r ar

Vr= -lL
r ax

av. av,
ar ax

Re : Reynolds-number

Pe : Picler-number ( Pe = RexPr )
Pr: Prandtl-number

Fig. 4 Photograph of PM MFC 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 ( tandard cubic centi-meter

Ooerating Principles and Simulation Sample per minute ) Xe gas is flowing in the capillary tube.
of sensing Element

As described above, each MFC unit outlet port of IES-MFC U o 'c

is connected to the TRS's NHC or MHC or MPF pipe,
respectively. On the other hand, all MFC unit inlet ports are 62-c
attached to the same piping from PMU. The MFC is able to
operates at any inlet pressure of the flowing gas within the range 2s5c
from 0.8 kg / cm 2 -A to 2.7 kg / cm2.A, even when the inlet b.
pressure to MFC is increasing (during propellant Xe gas charge pUm se"arwur cO,,n, s- wi=
to PMU-Subtank from Main tank by the control logic ). Major
functions of each components of MFC unit are as follows. CVlaryTuTu wal

1. Sensing Element: Mass Flow Rate Measurement x. oc(25-c) 1.2'C

4 C 13.8 'C Dsn
The detection of the mass flow rate is performed by the flow 7s.8 

c  'o1. *c
sensing element which consists of two temperature sensitive ct.Ln l.--'c
resistance wires winding on the capillary tube. These resistance z3.7 cc
wires operate not only as flow sensing element but also as flow
heating element by the sensor current. The resistance / Fils Prefimin.rySimulations.p TempoanrrDisritbuio
temperature difference between these two resistance wires ( i i man 'ii tdy 10iSO)

upstream wire and downstream wire ) is induced by the laminar h *longin capiatrym bewal
flow heat transfer from sensing / heating wires to the flowing Xe M oRe 21-5:I
propellant in the capillary tube. This difference between two PC 14.1
wires are in proportion to the flowing mass flow rate excluding s4ttal Cpi92lyTbe Io
the heat saturation range.al l

2
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Performance Outline 5

MFC performance outline is shown in Table 1. By using
MFC for IES, real time monitoring and control of propellant is t 3

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. o . on"

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, .3
discharge mode, neutralizer mode, etc.).

4) Balancing of neutralizing current will be achieved by
subtle control of propellant flow rate. -s

5) Automatic control of decompression processes in PMU, is BASEU.E FOSr-VI TIV.I TIv.2 TIV.3

available during thruster operation. It saves a lot of time Fig 6 C Accuacy u Basdine is
of the preparation for the IES operation in practical use. Po-Vibration sl adTmnal Vacum tes

Table 1 Performance of MFC

Items Performance -- , -' - .
Mass Flow Signal L..

1. Full Scale (FS) :;- ,
Xe Mass Row Rate ...

a MHC,NHC 5SA.I - J
B. MPF 10 SCCL

2. Contol Accuracy within ± 5% a.
3. Power: ....

Consumption less than 9W ,
4. Weight less than 1000 g

Fig. 7 Mass Flow Signal in a Step Response

* SCCM: Standad ibic Ceni- meter

"" 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

Develooment / Oualification Test and Life Test undershoot, "no undershoot " performance for a step response is
essential requirement for the application to the practical use for

In the design and test of MFC for space use, next points IES.
were taken into account. Life test using DM / EM MFCs and TRSs are now

1) Use in vacuum condition.( MFC is set up in vacuum undergoing at Tsukuba Space Center of NASDA, and no serious

condition, and gas flow is released into vacuum.) troubles are occurred. Changes of control accuracy after 1500

2) Vibrational / Acoustic Environment hours operation (500 cycles ) is shown in Fig.9, and the changes

3) Electromagnetic interference ( EMI) ar sufficiently small.
4) Radiant Rays Life tests for mass flow sensing units were also performed

5) Interface between TRS and PMU. ( Especially, the in continuous mode and cyclic mode in vacuum condition. The

response characteristics to the change of reference signal obtained results were also satisfactory for required life time.

and input pressure increase.) Through these evaluations, we are convinced that MFC has

6) Life Time sufficient capability for space use.

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 Conclusions
reflected in the design of Qualification Model.

One example of test results ( using Qualification Model) is Design concepts, operating principles and development / life

shown in Fig.6. This chart shows a typical changes of control test evaluations of IES-MFC in ETS-VI project are described. In

accuracy through baseline test, post-vibration test and thermal- the series of the MFC unit tests, MFC-TRS test and ITRS test in

vacuum test. It is obvious that MFC has sufficient capability for which 2 TRSs and 2 MFCs are assembled, prototype model

vibrational / thermal environment MFC show no serious obstacles to proceed the last step for the

Another example is shown in Fig.7. This chart shows the application in space.
mass flow signal in a step response. No mass flow rate In addition to the IES propellant management, the subtle

overshoot or undershoot was observed in this figure. In the case mass flow rate controller will be the promising device for the

of the ETS-VI IES for north-south station keeping, considering many activities in space.
the required period for 1 operation ( 2-3 hours at descending or
ascending node ), quick response characteristic is not so urgent Acknowledgement
requirement. On the other hand, no overshoot or undershoot
characteristic for a step response is important design factor. The authors would like to thank NIPPON TYLAN CORP. for

Figure 8 shows the outline of the thruster control logic in the case their assistance in the development of MFC for space use.

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 ar programmed in the " Beam Mode

3
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Start up Sequence List o Smhls

TCUON T ON PSI Beam PS
-- -- -- CONTIRM"ALQ AL\NP.S Q OT PS 2 Accelerar PS
SmunS3 Main Discharg PS

MU -.c SFIFCT -Ml'A SYSTn P PS4 MHC Heater PS
PMUSECT |PS 5 MHC Keeper PS

from Gund PS 6 NHC Heater PS

I R O I. sHIC SICTr- ALTOtMIOL PS7 NHC Keeper PS
|EPMO | ' PS 8 %FCPS

I roma Gound IL Idling Level (Fixed )

-
I

TU ---D ONP- 1A, ZAN 'Q- Nominal Level
'IVDN IA, 2A ON SL Stan Level

Sfrom Sund SET "-RREN VA S Mm\hc MassFlowRale forMHC

RFF r iLT Id REF. Ich (NL) REF. Inh (NiL Rmpf aowRate PF
4.from G-rod Mnik(NtN)REF. Mf %n \NI.) l .assFlowRaeforN-HC
IES MOI( REY,11Minlc [SL) RF ch MHC Heaer Current

IES MODE I s FCT-Bl X" d Mai
l
n Disgchare Anl

Sfm GroundJ Inh NHCHeaterCuent

IS STAKT RUN" ' SOFTWARE LOGIC INSTALLED IN. TC "

fiom GCound

HI'CONTROLFLOW 1~i InVTECONTROI. OW

SET "NL of. mhr Mmpfx ) MONTTORED lN.NY TE B TCr.
ri1GAS C-L RGE sARTS AT LOWID

LNIT AND T\RMINATEAT L'TP
- SET "SLof Mnhe" ) LIMTr AlTOMATIC-LLY

(MAINDISAR GEDO ')

'WAT UNTLTWO THRLTERS STA'T'S

PROCEED TO ' PS4 OFF ' AND
3 MIN. o 5 MIN. \rTER FROM " IES

( START OF THRUST GENERATION)

-Q(M-ofnl \ nhp_________UZ _____"aT

Fig.8 Concepts of IES Operation ( Command Sequence and Software Logic)
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Fig. 9 Control Accuacy during Life Test
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