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An investigation aimed at evaluating SFT-200 performance and operational chracteristics was 
carriedoutincoihboration by FAKELand CRNTROSPAZIO,witkthepartkipationofRIAMR 
and MAI, in the framework of a scieutifIc collaboration sponsored by INTAS association. 

The experimenti ckaracterization of the thruster was performed by measuhg ita electrical, 
propulsive and operational parameters during a parametric test. Temperhre measurements 
of the maiu tkruster components were also gathered in order to investigate the thruster thermal 
behavior. 

Tests were conducted at FAKJIL iu a vacuum chamber of 17 m3 volume. The background 
pressure, measured with ionization gauges calibrated for air, never exceeded 2.8 x l(r Torr. 

The thruster was operated in a wide range of power levels, from 2kW to l2kW. At nominal 
operating point of 6kW the average specific impulse and efficiency were 1928s and 0.59 
respectively. The maximum efficiency of 0.63 was obtained at 11 kW power level and 2950s 
specific impulse. 

Introduction 

E 
LECI’RIC PROPULSION has emerged in the last few 
years as a key technology enabling advanced mission 

and spacecraft concepts. In particular, the use of EP systems 
on board new generation geostationary telecommunication 
satellites leads to very substantial savings in propellant 
mass. The potential applications encompass essentially all 
in-space satellite propulsion requirements. Now EP allows 
to save hundreds of kilograms of stationkeeping propellant. 
In the immediate future the increase of satellite power to 
15+20 kW will allow EP to perform the transfer orbit to 
GE0 with additional savings of hundreds of kilograms of 
propellant. In future EP will allow to substitute completely 
the chemical propulsion system in all the duties on board 
telecom satellites. This tremendous saving of propellant 
mass will translate in a corresponding growth of satellite 
revenues, as it will be possible to strongly increase the 
number of transponder per satellite as well as the satellite 
operational lifetime and/or to reduce the launch cost by 
scaling down the selected laucher. 

Among the electric propulsion concepts developed to 
date, SPTthrusters offer a great potential for future primary 
propulsion applications thanks to the good performance 
and the possibility of scaling up the design for different 
power levels on the basis of already well demonstrated 
models having an extensive flight heritage13. However, 
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implementing any new teclmology requires a thorough 
understanding not only of performance but also of 
integration issues. Electric propulsion is more challenging 
in this regard than chemical systems, because of the 
difficulty in obtaining test results that are valid for on-orbit 
operations, and because of concerns about the interactions 
that arise only with a fully deployed spacecraft. Therefore, 
in order to make a new thruster (especially of high power) 
attractive for commercial applications an extensive activity 
have to be carried out in order to evaluate in detail its 
operational characteristics and the compatibility with other 
spacecraft sub-systems. 

An investigation aimed at evaluating the SPT 200, 
thruster for propulsion applications at power levels up to 
12kWhasbeencarriedoutincollaborationbyFAKELand 
CENTROSPAZIO, with the participation of RIAME and 
MAI, in the framework of a scientific collaboration 
sponsored by INTAS association. The main objective of 
tbe collaboration was to investigate the thruster performance 
and operational characteristics, the thermal behaviour, the 
plume characteristics, and the wearing of the discharge 
chamber. Some of these aspects were investigated 
experimentally byperformingaparametrictestonaexisting 
engineering model thruster, while other aspects requiring 
an extensive testing activity or special very large facilities 
(wearing, plume and thermal characteristics) were 
investigated theoreticallye6. 
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Thruster 
Apparatus 

Substantial litterature regarding the design and 
operationalprinciplesofSF’Tthrustersisavailablefol1owing 
research carried out in several laboratories7-9. 

The SPT-200 thruster tested at Fake1 was a model of 
classical design (i.e. the design characterising the existing 
SPT-100 flight model) and did not feature any of the 
advanced configurations (“Phenix”, “M” and “N” series) 
recently proposed on low power models with the aim of 
optirnising some specific operational characteristic (high 
specific impulse, low plume divergency, lifetime). 

The thruster was an engineering mode1 essentially new 
as it had undergone only few hours of initial tests. It 
presented four KEG50 cathode neutralizers to guarantee 
long term operations during life testing (Fig. 1). The main 
envelope was about 26x 26x20 cm and the weight about 
12kg. 

The D-50 is also produced by Fake1 and is capable of 
operations up to 50A discharge current. All testing was 
performed by using a single cathode, the remaining were 
not connected to the supply lines. 

Fig. 1 The SFT-200 on the thrust balance. 

Vacuum Facility 
Testing was conducted at FAKEL in a vacuum chamber 

consisting of two sections: a cylindrical test section with 
removable end cap, 2 m in diameter, 2.3 m in length and 
a 1.5 m diameter, 4 m long manifold tube connecting the 
tank test section to the pumping system (Fig. 2). The 
overall internal volume is 17 m3. 

The pumping system consists of five oil diffusion 
pumps backed by rotary pumps. Four diffusion pump have 
a nominal pumping speed of 11.000 l/s each and are 
connected sideways to the vacuum chamber through 0.9 m 
diameter gate valves. One pump has 13.000 l/s nominal 
pumping speed and is connected at one end of the manifold 
tube through a 1.2 m diameter gate valve. Thus, the total 
pumping speed of the system is about 57.000 l/s (for air). 

The vacuum system provides an ultimate pressure of 
7x10-6Totr and a dynamic pressure of 2.8x10-4 Torr at 20 
mg/s xenon mass flow rate, measured with ionization 
gauges calibrated for air (the correct background pressure 
value was obtained by dividing the reading by a 2.8 gas 
sensitivity factor). 

Fourionizationgauges wereusedtomonitorthevacuurn 
level along the axis of the manifold tube in the zone where 
the thruster exhausted its plume. 

Propellant Feed System 
The thruster did not present the integrated Xenon Flow 

Controller (XFC) typical of flight models and the feeding 
system was provided by a normal laboratory system. 

Two feed lines each consisting of a fluid resistance, a 
thermal flow meter and a solenoid valve were used to 
independently supply the anode and the active cathode. 
The propellant feedline pressure was dropped to the level 
required by the cathode and the anode within the respective 
flow resistances located outside the vacuum chamber. 
Therefore feedline pressure in the pipelines located between 
the fluid resistances and the feedthroughs of the chamber 
was lower than atmosphere, requiring to carefully check 
the leakages in order to prevent contamination of the 
propellant. 

Xenonpropellantwithpuritygradeinexcessof0.99996 
was used during testing. The flow meters were calibrated 
in-situ before testing with a standard volumetric method. 

Power Supply 
‘The electric power system was provided by means of 

laboratory power units connected through a RLC matching 
network to the thruster. The main power supply consisted 
of a voltage regulated unit having a 6% max. ripple. Two 
power units were used to separately supply the internal and 
the external magnetizing coils. One unit was used to supply 
the cathode heater, while another independent unit was 
used to supply the cathode ignitor. A RLC matching 
network consisting of a 16mH inductance, a 15 Ohm 
resistanceanda 1OpFcapacitor wasused to filteroscillations 
of discharge circuit. Thruster electrodes had a floating 
potential w.r.t. ground. Fig. 2 Scheme of the vacuum facility. 
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Diagnostics and Instrumentation 
Thrust was measured by means of a torsional balance 

of the type already described by Arhipov, et aLlo The 
thrust stand was equipped with two separate calibration 
systems. A primary calibration system allowed the balance 
to be operated in a range of 0+5OOmN with an uncertainty 
off2545 of the full scale. A secondary calibration system, 
with a range of 0+2OOmN was used to increase the 
operational range of the balance up to 7OOmN. However, 
this second system showed a higher uncertainty ( f5% of 
its full scale) and therefore for measuremnts above 5OOmN 
the total uncertainty of the balance increased up to f3.296 
of the total full scale. 

Data acquisition was performed manually by reading a 
number of analog devices. Voltages were measured by 
means of voltmeters. Currents were taken by means of a 
shunting method. Discharge current oscillations were taken 
using a current transformer and a recording oscilloscope. 
BMS value of discharge current and voltage oscillations 
were measured by means of current/voltage transformer 
gauges and recording oscilloscope. Flow metering, vacuum 
chamber pressure and thrust were registered from the read 
out panels. XK thermocouples were used to measure the 
thruster assembly temperatures. 

A manual switch was used to temporarily ground the 
cathode for few seconds in order to allow measurements of 
the ion current flowing from the thruster. This current was 
measured using an ampermeter connected to the cathode- 
vacuum chamber housing circuit. The measurement was 
not continuosly performed in order to prevent the discharge 
from extinguishing due to cathode cool down. 

Test Procedure 
After placement of the thruster on the thrust stand of the 

test facility the magnetic field was measured by means of 
a gaussmeter to check that magnetizing coils were 
connected correctly . The thruster was mounted in such 
way as to exhaust its plume with a firing axis directed along 
onediagonal dimension of the manifold tube in direction of 
one of the pumps in order to have a total firing lenght of 
about 4.5 m and to expand the plume in the zone where the 
vacuum lever was the higher (Fig. 2). 

Of course, in order to perform high-fidelity 
measurements of electric thrusters vacuum facility effects 
on testing must be carefully evaluated and specific test 
requiremnts must be issued. Each EP technology features 
its own particular physical/operational characteristics and 
therefore the acceptability criteria to be adopted for test 
requirements differ for each particular thruster. Although 
some requirement already stated for low power SPT seems 
applicable also for high power models, a specific 
investigation activity should be carried out. However, this 
task was out of the scope of our investigation and we based 
our requirements on Fake1 and Riame past experience on 
high power SPTtest activities. According to that experience, 
a requirement of 2.8~10” torr max. background pressure 
(dynamic pressure relative to air) was stated to guarantee 
reliable test data during SPT high power operations. 

However, the subsequent analysis of thruster test data was 
also directed to shed some light on facility induced effects 
on thruster performance. 

Before testing, after vacuum chamber closing, the 
thruster was maintained for 2 hours at a background 
pressure of 5x1e5 torr in order to allow outgassing. All 
testingwasperformedwithoutopeningthev~u~chamber 
in order do not expose the thruster to atmosphere. No purge 
was used during daily facility shutdown. 

Before parametric testing and after any pause of more 
than half hour, the thmster was operated for half hour at 
300V discharge voltage and 3kW power level to warm-up 
the assembly. The cathode was cool-down for 25 minutes 
before each subsequent s&&up. Air filling into the vacuum 
chamberwasperfonnedafter3hoursthelastthrustershut- 
down in order to prevent oxidation of hot surfaces. 
Discharge voltage across electrodes, as well as RIMS 
oscillations, were measumdatthevactmmtankfeedthrough 
without including the drop through the electromagnets 
which was measured separately on both the internal and 
the external coils. 

The start-up sequence occurred as follows. The thruster 
wasregulatedat3OOVdischargevoltage, lOmg/spropellant 
mass flow rate through the anode and 0.55 mg/s flow rate 
through the cathode. The cathode heater was supplied at 
25A for 3 minuntes aRer which 300V ignition voltage was 
applied on the cathode ignitor. Once the thruster was 
started, the currents of magnetising external and internal 
coils were repeatedly adjusted indepen&ntly so that the 
discharge current had the minimum value. Before 
parametric testing the thruster was operated in this mode 
for half hour to warm-up the assembly. Therefore, the 
parametric testing was performed by selecting a nominal 
propellant mass flow rate through the anode, varying in 
step of 50V or 1OOV the applied discharge voltage and 
maintaining fixed the cathode flow rate. In each selected 
operational mode, after magnetic coils adjustement to 
reducethedischargecumatlevel,tbethrusterwasoperatcd 
at least three minutes before taking measurements. Table1 
summarizesthegatheredparameters.Theanodicpropellant 
mass flow rate and the discharge voltage were increased 
until thepowerlevelof 12kWwasreached.Themaximum 
discharge voltage was limited to 600V due to nominal 
operational limit of capacitors used in the electric circuit. 
A number of tests were repeated in order to have a good 
characterization of the thmster. High voltage (6OOV) and 
low mass flow rate (8 mg/s) tests were performed in a 
separate phase of the parametric test. 

. 

An additional test was aimed at reaching the thruster 
thermal equilibrium (6kW power level) in order to get a 
number of temperature ~ntstocarryoutadetailed 
thermal analysis of the thruster assembly. However, the 
heat load on the vacuum chamber produced an excessive 
heating of the walls. For this reason the test was stopped 
beforereachingthethrugttthennalequilibtiuminordcrto 
avoid the risk of a failure of the vacuum gaskets with 
consequent damage of the facility and of the thruster. 
Based on results obtained in the transient state, a thermal 
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status for 6 and 12kW power levels. Fig. 3 show the 
calculated temperatures of the main thruster elements as a 
functionoffiringtime.Itispossibletoseethatupto5Omin. 
of continous operations are possible at 12kW power level 
before the temperature of the internal coil exceed design 
requirements (400 C max.), while 90 min. of continous 
operations are possible at 6kW power level. However, in 
both cases the pause between each firing must be not less 
than 8h. A technological development and an improved 
version of the design is planned in order to allow to 
withstands and better distribute the thermal loads. 

Test Results and Discussion 
Each start-up was successful and the thruster reached 

its planned operating point without problems. During the 
ignition a number of spikes were observed on the insulator 
walls. The reason was ascribed to the presence of sputtered 
metallic material of the vacuum chamber on the insulator 
walls. Another number of spikes were observed when the 
engine was operated at high voltage and low mass flow rate 
(6OOV, 8+10 mg/s). The cathode-neutralizer was operated 
at constant mass flow rate of O.%mg/s. In each operating 
point the engine showed steady and stable operations. The 
engine was character&d in a wide range of operational 
power levels, from 2 kW up to 12 kW. Facility pressure 
measured with ionization gauge calibrated for air never 
exceeded 2.8 x 104Torr. The maximum ef%ciency of 0.63 
and 2950 s specific impulse were obtained at 11 kW power 
level. Table 1 summarizes the data gathered during testing. 

Some electrical characteristics of the thruster are 
presented in Fig. 4. For each mass flow rate the current 
level was about constant and did not dependon the discharge 
voltage, meaning that the engine was operated in regime of 
full acceleration. Fig. 5 shows the dependency between the 
specific impulse and the discharge voltage for different 
mass flow rates. It is possible to see that at a given mass 
flow rate, the specific impulse varied linearly with the 
discharge voltage. For different mass flow rates we have a 
family of parallel lines, the higher the mass flow rate the 
higher the line. 

Fig. 3 Calculated temperatures of the main thruster elements 
as a function of firing time for 6 and 12kW operations. 
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Fig. 4 Electrical characteristics for different mass flow rates. 
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Fig. 5 Specific impulse vs. discharge voltage for different mass 
flow rates. 
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Fig. 6 Total eficiency vs. discharge voltage for different mass 
fbv rates. 



The efficiency did not depend linearly neither on thevoltage 
nor on the power level (Pigs 6.7). At any mass flow rate 
the efficiency shows a relative maximum around 3OOV, a 
relative minimum around 400+5OOV, and then around 
500+600V increases again to another maximum. The 
specific impulse was linear with the power level. However, 
for different mass flow rates the lines Isp=f(P) have a 
different slope and maintaining a fixed power level the 
engine showed higher specific impulse at lower mass flow 
rates (Pig.8). In fact, the lower the mass flow rate the lower 
the current and the higher is the voltage. 

Additional tests were performed in order to investigate 
the thruster performance at the design power level of 6kW. 
The higher efficiency was obtained for 300 V (1928 s 
specific impulse and 59% efficiency) and 600 V discharge 
voltage (2638 s specific impulse and 59% efficiency). At 
4ooC500 V the efficiency decresed at 56% level. 

For a given mass flow rate the trend of the ion current 
fraction followed the efficiency, i.e. an increase of the 
efficiency translated in an increase of the ion current 
fraction (Fig. 9) and vice versa. The higher efficiency 
(0.63) was obtained at the higher ion current fraction 
(0.72). The higher the mass flow rate, the higher the 
positive effect of a high ion current fraction. A 0.65 ion 
current fraction wasmeasuredinaverageat 3OOVdischarge 
voltage level, this resulted in a 0.52 propulsive efficiency 
at 10 mg/s, 0.55 efficiency at 15 mg/s and 0.58 effkiency 
at 20 mg/s. In these points, the background pressure 
increased from 1.6 x 104 torr to 2.8 x 104 torr. However, 
RMS current oscillations remained at the same level 
(1.2+1.3).Thisfactcouldsuggestthat theintrinsicdynamics 
of the discharge did not change at different background 
pressures and therefore the propulsive performance of high 
power thrusters should be less sensitive to facility 
background pressure effects w.r.t. low power models (at 
least in the range of pressures maintained in these tests). 
The effect of ingestion of background gas in enhancing 
thruster performance was calculated by means of a standard 
gaskinetictheorybutdidnotexplaintheregistemdvariations 
on performance. However, past experiments assessing the 
contrary have been reported”. A dedicated test campaign 
on a high pumping speed facility appear essential to shed 
some light on this matter. 

The amplitude of current and voltage oscillations mainly 
depends on the voltage level. Fig.s lO- 12 show the RMS of 
current and voltage oscillation measured at different voltages 
and mass flow rates. At every mass flow rate, the oscillations 
have a remarkable increase when the thruster operates 
around 400+500 V level. This increase is higher at low 
mass flow rate (10 mgls) and at high mass flow ( 17 and 20 
mg/s). Operations at medium mass flow rate (12 and 15 
mg/s) show a rather regular behavior of oscillations. 
However, also in this case, operations at 400 V present a 
max. for RMS of oscillations. This behavior exactly reflects 
the behavior of the efftciency. This fact is not surprising, as 
the oscillations are connected to the intrinsic physical 
nature of the propulsive phenomenon. A further observation 
of the ion current measurements can shed some light on this 
relationship. 
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Fig. 7 Total efficiency vs. discharge power for different mass 
flow rates. 
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Fig. 8 Specific impulse vs. discharge power for different mass 
flow rates. 

Fig. 9 Ion current fraction and total efficiency vs. discharge 
voltage for 20 mg/s mass flow rate. 



By observing Fig.s 9,12 it is possible to see that the increase 
of oscillations reflects on a decrease of the ion current 
fraction, i.e. the increase of oscillations leads to a decmase 
of the ionization efficiency. The reason of this thruster 
behavior can be associated both to the particular 
configuration of the magnetic field and of the electric filter 
that have been adopted for this thruster. 

The level of currents in the external and internal coils 
was about the same. However, the internal coil presented 
a higher resistance w.r.t. the external coil. As a result, the 
heat losses on the internal coil were higher. At a given mass 
flow rate, the internal magnetizing current had to be 
increased when the voltage level was increased. This 
resulted in an increase of the impedance of the discharge, 
as the discharge current level remained about constant. 
Higher mass flow rates needed higher magnetization. The 
external coils were magnetized without an evident trend. 
The characteristic frequency of discharge current remained 
in the range of 25+30 kHz for all the operational points. 

The analysis of SPT-200conditions after testing showed 
that all the electrical resistances playing a major role (that 
of the magnetic coils, the cathode-compensator heater, the 
insulation between anode-cathode, anode-thruster housing, 
ignitor-thruster housing, cathode-thruster housing) 
corresponded to the requirements of the design 
documentation. 

The visual observation of the discharge chamber 
conditions after test showed that some erosion took place 
on the exit part of its external and internal walls. The lenght 
of the erosion zone near the exit of the external wall was 
about 8 mm while on the internal wall was about 12 mm. 
Fig. 13 show the thruster during high power operation. 

Concluding Remarks 
The SPT-200 thruster was jointly investigated by 

FAKEL, RIAMB andCENTROSPAZI0 in the framework 
of a scientific collaboration having the object to provide a 
contribute to the fundamental understanding and the 
technological development of high power SFT thrusters. 

A parametric test was carried out in the range from 2 to 
12 kW power level. The thruster showed good performance 
through the entire operational envelope. A maximum of 
2950s specific impulse and 0.63 total efficiency was 
obtained at 1lkW of total power. The power loss due to 
magnetization represented about 1% of the total input 
power. Large oscillations were registered at 400+5OOV 
discharge voltage and this reflected on propulsive 
performance. However, total efficiencies well above 0.5 
were obtained throughout, 

The following areas of development were envisaged: 
development of an upgraded mechanical construction 
capable to withstand and better distribute the thermal 
loads, development of new mechanical, fluidic and electrical 
interfaces designed for high power (as well as high voltage) 
level, development of an advanced configuration of the 
magnetic system capable to increase the performance 
level, development of a new type of heaterless cathode- 
compensator to be mounted axially to the thruster, inside 
the central pole. 
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300 10.0 3000 2.1 1.2 11.0 3.2 35 10.6 2.6 28 10.2 0.55 18.9 1758 0.52 
250 10.2 2562 2.2 1.3 10.1 2.9 29 12.6 3.2 40 10.2 0.55 17.5 1628 0.52 
200 10.3 2060 2.4 1.0 7.0 1.8 13 12.1 3.3 40 10.2 0.55 15.3 1423 0.50 
300 10.1 3030 2.1 1.3 11.0 3.5 38 10.6 2.6 28 10.2 0.55 18.8 1749 0.51 
350 10.3 3605 2.5 2.7 11.6 3.8 44 11.0 2.8 31 10.2 0.55 20.4 1898 0.51 
400 10.4 4160 3.1 3.3 12.2 4.0 49 10.9 2.7 29 10.2 0.55 21.8 2028 0.50 
450 10.6 4770 4.4 3.9 12.1 4.0 48 12.1 3.2 39 10.2 0.55 23.4 2177 0.50 
500 10.6 5300 4.7 4.0 10.7 3.5 37 12.4 3.5 43 10.2 0.55 25.3 2354 0.53 
300 10.1 3045 2.2 1.3 11.0 3.7 41 10.6 2.8 30 10.2 0.55 18.9 1758 0.51 
300 10.0 3000 1.8 1.0 11.0 3.1 34 10.6 2.2 23 10.3 0.55 18.9 1742 0.52 
300 12.5 3750 2.3 1.3 10.6 3.2 34 10.2 2.3 23 12.6 0.55 23.4 1780 0.53 
200 12.9 2580 2.1 0.9 8.4 2.2 18 12.9 3.4 44 12.6 0.55 18.7 1422 0.48 
300 12.5 3750 2.6 1.3 10.6 3.3 35 10.2 2.4 24 12.6 0.55 23.5 1787 0.53 
400 12.8 5120 5.3 2.0 10.0 3.2 32 9.0 2.1 19 12.6 0.55 27.6 2099 0.54 
500 12.7 6350 2.7 1.1 11.5 3.7 43 10.5 2.5 26 12.6 0.55 31.5 2395 0.56 
300 12.5 3750 2.4 1.3 10.6 3.4 36 10.2 2.5 26 12.6 0.55 23.5 1787 0.53 
300 12.6 3765 2.8 1.7 11.1 3.4 38 11.0 2.5 28 12.6 0.55 23.4 1780 0.52 
300 15.0 4500 3.7 1.7 10.4 3.4 35 11.0 2.9 32 15.0 0.55 28.4 1826 0.55 
200 15.6 3120 2.3 0.9 9.5 2.9 28 13.3 3.8 51 15.0 0.55 22.5 1447 0.49 
300 15.0 4500 3.8 n.a. 10.4 3.4 35 11.0 3.0 33 15.0 0.55 28.5 1833 0.55 
400 15.3 6120 4.0 1.5 10.4 3.5 36 9.8 2.6 25 15.0 0.55 33.5 2154 0.56 
500 15.8 7900 2.4 0.8 11.0 3.8 42 10.5 2.8 29 15.0 0.55 38.6 2482 0.58 
300 15.0 4500 3.9 1.6 10.5 3.5 37 11.0 3.0 33 15.0 0.55 28.5 1833 0.55 
300 15.0 4500 3.9 1.3 10.5 3.3 35 11.0 2.7 30 15.0 0.55 28.4 1826 0.55 
300 17.5 5250 3.4 1.5 9.8 3.1 30 11.7 3.2 37 17.0 0.55 33.4 1903 0.57 
200 18.4 3680 2.8 1.0 9.3 2.8 26 14.0 4.2 59 17.0 0.55 26.6 1516 0.51 
300 17.4 5220 3.4 1.5 9.8 3.2 31 12.0 3.4 41 17.0 0.55 33.6 1914 0.58 
400 18.3 7320 7.0 4.7 11.5 3.8 44 13.5 3.9 53 17.0 0.55 38.3 2182 0.54 
500 17.0 8500 8.0 4.0 11.0 3.6 40 14.0 4.3 60 17.0 0.55 43.6 2484 0.54 
300 17.6 5280 4.0 4.7 10.5 3.6 38 11.0 3.3 36 17.0 0.55 33.6 1914 0.58 
300 17.5 5250 3.2 1.3 10.5 3.5 37 11.0 2.9 32 17.7 0.55 33.4 1830 0.55 
300 20.0 6000 3.5 1.5 11.0 3.6 40 13.0 3.7 48 20.0 0.55 38.3 1866 0.56 
200 21.6 4320 3.4 1.0 11.0 3.6 40 14.0 4.2 59 20.0 0.55 30.8 1501 0.50 
400 21.0 8400 6.2 4.1 11.4 3.8 43 14.6 4.5 66 20.0 0.55 44.6 2174 0.55 
500 21.5 10750 7.0 4.8 13.4 4.6 62 17.2 5.5 95 20.0 0.55 48.7 2373 0.51 
300 20.1 6030 3.8 1.5 11.0 3.9 43 13.0 4.2 55 20.0 0.55 39.1 1906 0.58 
300 10.0 3000 2.2 1.2 11.0 3.2 35 10.5 2.2 23 10.1 0.55 18.8 1765 0.52 
600 10.0 6000 4.0 1.3 11.5 3.3 38 12.1 2.8 34 10.1 0.55 28.1 2638 0.59 
300 12.5 3750 2.4 1.2 10.8 3.3 36 10.2 2.3 23 12.7 0.55 23.4 1766 0.52 
500 12.7 6350 3.4 1.1 12.2 3.8 46 10.5 2.4 25 12.7 0.55 31.5 2377 0.56 
600 13.1 7860 2.3 0.6 11.4 3.5 40 11.4 2.8 32 12.7 0.55 35.3 2664 0.57 
300 15.0 4500 2.7 1.0 9.7 3.0 29 11.5 3.0 34 15.1 0.55 28.7 1834 0.55 
400 15.4 6160 3.0 1.3 10.8 3.5 38 9.8 2.4 24 15.1 0.55 33.8 2160 0.56 
600 16.1 9660 2.6 0.8 11.0 3.6 40 11.4 3.0 34 15.1 0.55 43.1 2754 0.59 
300 15.0 4500 2.6 0.9 9.7 2.9 28 11.5 3.0 34 14.4 0.55 29.1 1943 0.60 
300 17.4 5220 3.0 1.3 9.6 2.9 28 12.3 3.4 42 16.3 0.55 33.4 1979 0.60 
600 18.4 11040 2.4 0.7 14.5 5.0 72 12.8 3.4 44 16.3 0.55 49.8 2950 0.63 
300 17.4 5220 2.3 0.9 9.7 3.0 29 12.3 3.4 42 16.8 0.55 33.5 1928 0.59 
300 20.0 6000 2.7 1.2 10.6 3.4 36 12.2 3.7 45 19.5 0.55 38.5 1917 0.58 
500 21.8 10900 6.0 3.5 13.5 4.4 59 16.0 4.7 75 19.5 0.55 49.5 2465 0.53 
600 22.0 13200 5.0 3.3 13.5 4.5 61 17.0 5.3 90 19.5 0.55 56.3 2804 0.57 
300 20.5 6150 2.7 1.3 9.4 3.1 29 12.3 3.8 47 19.5 0.55 39.4 1962 0.60 
300 8.0 2400 1.6 1.0 10.0 3.7 37 7.7 2.0 15 8.0 0.55 13.8 1614 0.44 
600 8.2 4920 2.0 0.8 12.0 4.5 54 9.6 2.7 26 8.0 0.55 21.2 2980 0.50 

11.2 
12.8 
12.6 
12.7 

13.0 
6.5 
7.2 
8.1 
8.7 
9.2 
9.9 

10.4 
11.2 

11.4 
13.2 
11.5 

14.6 
15.c 

5.c 
5.6 

Table 1 Parametric test results. 
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