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INVESTIGATION INTO COST-EFFECTIVE PROPULSION SYSTEM OPTIONS FOR SMALL SATELLITES JERRY JON SELLERS United States Air Force, European Office of Aerospace Research and Development, London, U.K.



MALCOLM PAUL and MARTIN SWEETING Surrey Satellite Technology Ltd, Guildford, UK



Abstract. The paper summarizes research into cost-effective propulsion system options for small satellites. Research into the primary cost drivers for propulsion systems is discussed and a process for resolving them is advanced. From this analysis, a new paradigm for understanding the total cost of propulsion systems is defined that encompasses nine dimensions – mass, volume, time, power, system price, integration, logistics, safety and technical risk. This paradigm is used to characterize all near-term propulsion technology options. From this effort, hybrid rockets emerges as a promising but underdeveloped technology with great potential for cost-effective application. A dedicated research program was completed to characterize this potential. This research demonstrated that hybrid rockets offer a safe, reliable upper stage option that is a versatile, cost-effective alternative to solid rocket motors. Finally, an innovative technique was derived to parametrically combine the diverse cost dimensions into a useful, quantifiable figure of merit for mission and research planning. Overall, it is shown that the most cost-effective solution is found by weighing all options along the nine dimensions of the cost paradigm within the context of a specific mission. Keywords: Cost-effective propulsion, hybrid rockets, low cost propulsion systems, propulsion figures of merit, propulsion system cost metric, small satellite propulsion.



1. Introduction Propulsion systems are a common feature on virtually all large satellites. However, until recently there has been no need for very small, low-cost satellites to have these potentially costly systems. As secondary payloads, they were deployed into stable, useful orbits and natural orbit perturbations (drag, J2, etc.) were acceptable within the context of the relatively modest mission objectives. Over the years, these pioneering small satellite missions have proven that effective communication, remote sensing and space science can be done from a cost-effective platform. As these missions have evolved, various technical challenges in on-board data handling, low-power communication, autonomous operations and low-cost engineering have been met and solved. Now, as mission planners look toward bold, new missions using low-cost, small satellite platforms that need both active orbit and attitude control, a new challenge is faced – cost-effective propulsion. Journal of Reducing Space Mission Cost 1: 53–72, 1998. © 1998 Kluwer Academic Publishers. Printed in the Netherlands.
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Propulsion systems perform a variety of tasks essential to active missions in LEO and beyond. These include: • Orbit Manoeuvring – the ability to move from an initial parking orbit to an escape trajectory or insert into a final mission orbit, e.g. changing from GTO to GEO. • Orbit Maintenance – the ability to maintain a specific orbit against drag and other perturbations, or phase the orbit to maintain proper angular separation of a constellation. • Attitude Control – the ability to rotate the spacecraft to reorient sensors or dump momentum, especially beyond LEO where magnetorquing and gravity gradient stabilisation are not viable options. Obviously, all these capabilities can be found in off-the-shelf systems used throughout the aerospace community. However, current off-the-shelf technology may not be appropriate for cost-effective applications within the context of small satellite missions. Furthermore, the cost of these systems, when procured using standard aerospace practices can be prohibitive. Thus, small satellite mission planners face a dilemma – future missions demand a propulsion capability but the cost of this single system may be prohibitive, keeping the entire mission grounded. The work summarised in this paper comprised PhD research conducted by the author at the University of Surrey. The primary objective of this research was to investigate cost-effective propulsion system options for small satellites. As it would be impossible to summarise all these efforts in a short journal article, this paper will focus on the goal of defining total propulsion system cost and trading these costs among various technology options.



2. System Cost Drivers At the outset of our research into the cost issues of propulsion systems, it immediately became obvious that the broader issues of spacecraft hardware costs in general must first be addressed before propulsion system costs specifically could be fully understood. By first isolating and explaining the fundamental cost drivers of these traditionally expensive components, a credible strategy could be formulated for reducing the costs of propulsion hardware specifically. To that end, specific spacecraft hardware cost drivers which occur during each phase of a mission were identified. These mission phases are: 1. Mission Definition 2. Mission Design 3. Hardware Acquisition The purpose was to provide a useful context for understanding the process of selecting and flying space hardware in general which could then be applied to propulsion systems specifically. The results of this effort are published in a dedicated chapter of Reducing Space Mission Costs (Sellers, 1996).



COST-EFFECTIVE PROPULSION SYSTEM OPTIONS FOR SMALL SATELLITES



55



From this research, a new paradigm for understanding total propulsion system cost emerged. Traditionally, the approach taken to describe propulsion cost has been to isolate a single descriptive parameter of the technology, one that determines what was perceived to be the most important premium on a satellite-mass. The propellant mass used by a given system is determined by its specific impulse, Isp. Specific impulse is a measure of the impulse per unit weight of propellant expelled. However, while mass is certainly one important descriptive dimension of system cost it is not the only one. In fact, the evidence presented from (Dean, 1991) clearly indicates that by focusing solely on mass, true cost reduction may not be achieved. It is even possible that the overall cost is increased due to the increased system complexity needed to achieve the higher mass efficiency. If mass is not the only dimension, what else is there to consider? In addition to mass, there are three other aspects of performance to consider as well: volume, total elapse thrust time (to complete all 1V), and power consumed. Collectively, these four parameters can be called performance costs. Another obvious cost is the bottom line price paid for the hardware. In some situations, price can be the most important dimension. For these missions, if the price exceeds a certain threshold limit, the mission simply will not get off the ground. But focusing too closely on price alone may cause you to miss more important issues. For example, a given system option may appear to be a bargain in terms of dollars, but ensuing logistics or operating costs may far exceed other, seemingly more expensive options. Therefore, as part of the research, we set out to define all the dimensions that encompass total propulsion system cost. For example, there are other less obvious opportunity costs to consider as well. Collectively, these can be referred to as mission costs as they depend on the technology used and the mission environment. Mission costs include all of the overhead (manpower, money and facilities) needed to mitigage technical risk, safety, logistics and mission integration. Thus, the nine dimensional cost paradigm includes: 1. Propellant mass 2. Propellant volume 3. Total elapsed thrust time (to complete desired 1V) 4. Power required 5. System price 6. Technical risk (to the program) 7. Safety (to deal with inherent personal risk) 8. Integration 9. Logistics Figure 1 illustrates how each phase of a mission drives the specific cost dimensions. Using this new paradigm, the real cost of system options can then be assessed. This will be addressed in the next section.
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Figure 1. Relationship between mission phase and cost drivers for propulsion systems.



3. Propulsion Technology Options Propulsion system technology can be divided roughly into four categories based on the method used to accelerate the reaction mass. These four methods are employed in either cold-gas, chemical, nuclear or electric systems. (The methods included here focus only on current or near-term technology. For a list of more far-out ideas – fusion, anti-matter, negative matter, etc. – the reader is referred to (Humble, 1995)). • Cold-gas system – uses the energy of a gas stored at high pressure which is accelerated to high velocity through a nozzle. • Chemical system – uses the energy inherent in chemical bonds released through catalytic action or combustion to produce high temperature exhaust products which are then expanded out a nozzle to high velocity. • Nuclear system – uses the intense heat generated by nuclear fission (or fusion) to heat an inert reaction mass to high temperature. The mass is then expanded out a nozzle to high velocity. • Electric system – uses electrical energy to accelerate a reaction mass, through electrothermal, electromagnetic or electrostatic means, to high velocity. Given these options, we can briefly review them to determine which ones offer potential for applications on low-cost small satellites. We can begin by eliminating nuclear systems because of practical political, economic and technical issues. Also note that of the chemical systems that can be used we are restricted to propellants that can be stored for reasonably long periods of time on board a spacecraft. Therefore, cryogenic liquid options must be eliminated.
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Similarly, we can briefly examine the electric options to see which are truly viable for a small satellite. It is important to note that all types of electrical systems differ markedly from chemical options in that they rely completely on the spacecraft’s electrical power system to provide the necessary energy to accelerate the propellant mass. Thus, while chemical systems are energy limited (there is a finite limit to the total energy available in propellant chemical bonds) electrical systems are power limited (for a given spacecraft there is a finite amount of power available from solar arrays and batteries). Assuming that the batteries could be partly drained each orbit to power a propulsion system, there is a maximum of ∼500 W maximum available (20 Amp maximum discharge current at 28 ± 4 VDC) for only about 10 minutes at a time (taking the batteries to ∼40% depth of discharge requiring at least one orbit to recharge) on a typical 300kg-class small satellite. This is far too little power for currently available ion or stationary plasma thruster systems which require power in the kilowatt range for very long periods (hours or days). Therefore, resistojet and pulse plasma thrusters (PPT) appear to offer the most accessible, near-term electrical propulsion options for the small satellite application (low-power arcjets and field effect electric propulsion (FEEP) systems are also in development but are not currently available commercially and so were not considered in this study). Thus, the list of system options to consider in this study reduced to: • Cold-gas – expel a single gas (e.g. nitrogen or helium) stored at high pressure • Chemical: • Storable liquid – mono-propellant (e.g. hydrazine) catalytically decomposed to produce a superheated gas or bi-propellants (e.g. hydrazine + nitrogen tetroxide) which produce a hypergolic chemical reaction on contact. Storable implies non-cryogenic. • Solid – combine oxidiser and fuel into single, solid propellant • Hybrid – typically use a solid fuel with a liquid oxidiser • Electric • Resistojet – electrical resistance heating of a single propellant (e.g. hydrazine or nitrogen) • Pulse plasma thrusters (PPT) – use a electric current to ablate a solid propellant (e.g. Teflon) creating a plasma which is accelerated in an electromagnetic field. Given these options, a spacecraft designer would like to know which is ‘best’ for a given mission. The term ‘best’ implies one can perform a trade-study to optimise against some parameter. We posit that total system cost, as defined by the nine dimensional paradigm presented above, is the figure of merit that can best be used for this trade-off. Developing a systematic means of doing this was the research challenge we confronted and the results are presented in this paper. Only by resorting to this total cost approach can mission planners realistically compare system options. In the following sections, each of these options will be reviewed
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with respect to these dimensions to fully characterise their total costs for small satellite application. To my knowledge, such a comprehensive characterisation of all these propulsion options with respect to these nine dimensions has never been done. Fortunately, performance data was relatively easy to obtain. Price information for specific commercial, off-the-shelf hardware was obtained from vendors through requests for quotations (RFQ). As this information is proprietary in nature, no references to specific vendors will be given. By the nature of an RFQ, some of these cost data represents rough order of magnitude (ROM). While cost and performance data could be obtained by diligently canvassing the industry, the other mission costs for each options were not available. Therefore, these evaluations were determined by examining the fundamental requirements of the technology in light of our own engineering judgement and based on experience gained from this research. Table 1 summarises the relative costs of each of the propulsion technology options reviewed. Of these options, only hybrids are not available commercially for satellite application. Solids and liquids are available from a variety of sources with extensive heritage. Resistojets, especially hydrazine resistojets, are becoming more and more popular for station keeping applications. PPT systems, while not so widely used, have seen experimental applications on some satellites and may enter the market in the near future. In contrast, hybrids have never been used in space. Thus, while there appeared to be sufficient data available to evaluate the other options, the assessment of the utility of hybrids for small satellite application required a dedicated basic research and development program. The aim of this program was to prove the accessibility of this untried technology, characterise its performance and amass a database of experience from which to credibly evaluate its total system cost. Why bother? As the above discussion indicates, hybrid rockets promise a simple, safe high-thrust rocket technology. Between 1994 and 1996 this research was conducted at the University of Surrey using 85% hydrogen peroxide (HTP) as oxidiser and ordinary polyethylene (PE) as fuel. Experimental results allowed the complete characterisation of hybrid performance. The proto-type hybrid motor was used to fully assess the PE/HTP combination and publish the first-ever regression rate relationship applied specifically to small satellite upper stages. Using this data, a hybrid upper stage design process was developed and a preliminary design for a motor to deliver 200 m/s 1V to a 300 kg small satellite was completed. The basic concept of low-cost propulsion system development using hybrids was fully demonstrated. Hybrids represent a readily assessable technology allowing full-scale research and development in a budget-constrained, University environment. The program demonstrated rapid results (first successful test less than 7 months from project go-ahead) with minimum cost (< $20,000) and addressed and solved a number of fundamental engineering problems, most notably catalyst pack technology. Additional background on the program can be found in (Sellers, 1995a), (Sellers, 1995b), (Sellers, 1996a) and (Sellers, 1996b).
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TABLE I Summary of propulsion technology option costs. Cost Dimension



Cold-gas



Solid



Bi-propellant



Mono-propellant



Mass Cost Volume Cost Time Cost Power Cost Thruster Price Technical Risk Safety Cost Integration Cost Logistics Cost



Very high Very high High Very low $4k Very low Very low Low Low



Moderate Low Very low Very Low $125k–$710k Low Moderate Very high Moderate



Low Moderate Low Very low $40k Low Very high Moderate Very high



Moderate Moderate Low Very low ∼$40k Low Very high Moderate Very high



Cost Dimension



Hybrid



Hydrazine Resistojet



Water Resistojet



PPT



Mass Cost Volume Cost Time Cost Power Cost Price



Low Low Low Very low Unknown, Potentially Low High Low Moderate Low



Moderate Moderate Very high Very high ∼$150k



Moderate Moderate Very high Very high Potentially Low



Very low Very low Very high Moderate $200k per 20,000 Ns



Moderate Very high Moderate Very High



High Very Low Moderate Very Low



High Very low Moderate Very low



Technical Risk Safety Cost Integration Logistics



4. Evaluating Propulsion System Costs Using the results of the hybrid rocket research, as a detailed system design effort using commercially available propulsion hardware, specific data on system prices and performance were derived. However, as noted earlier, neither price nor performance alone describes total system cost. To arrive at this value, all of the nine dimensions of the cost paradigm must be systematically combined to derive a single figure of merit. This figure of merit is intended as a useful method for comparing and trading off the various dimensions which comprise total propulsion system cost. It was derived from research into cost estimating relationship development and operations research techniques. The variables used for the nine cost dimensions are listed below: Prop Mass = Propellant mass (scaled 0–100) Prop Vol = Propellant volume (scaled 0–100)
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Time = Total thrust time (scaled 0–100) Power = Power consumed (scaled 0–100) Logistics = Logistical cost factor (0–100) Integrat = Integration cost factor (0–100) Safety Cost = Personal risk cost factor (0–100) Tech Risk = Technical risk cost factor (0–100) Sys Price = Estimated total system price (including ground support equipment) (scaled to 0–100) Of these variables, the performance dimensions (Prop Mass, Prop Vol, Time) and Sys Price are a function of both the mission 1V and the technology chosen. In all cases, the actual values for a given 1V are computed for each technology option and the results are scaled from 0–100 to eliminate units and allow for normalised comparison between options. Power, Integrat, Tech Risk, Logistics and Safety Cost are assumed to be functions of the technology option alone. The approach taken in operations research is to combine variables through linear combination (Hillier, 1986). However, in reality each variable does not necessarily have the same importance for a given mission. Therefore, it is necessary to provide some means of weighting each accordingly. Recognising the necessity of consciously trading off the various dimensions, I elected to derive these dimensional weighting by rank order. Depending on the basic mission environment, as determined during the Mission Definition Phase, the nine dimensions are rank ordered in importance from 8 to 0, with 8 being the most important and 0 implying no importance. For example, a given mission scenario may want to maximise total payload and may not be concerned at all about how long the total manoeuvre takes. Therefore, for this example, mass would be ranked at number 8 and time as 0. The total cost function is written as follows: T otal Cost = A · Prop Mass + B · Prop V ol + C · time+ D · P ower + E · Logistics + F · I ntegrat + G · Saf ety Cost +H · T ech Risk + I · Sys Price



(1)



where A-I = Weightings on each dimension (appropriate units to produce a dimensionless final cost) Figure 2 illustrates the approach used in the cost analysis methodology developed. The approach begins with the selection of a mission scenario. This determines, on the one hand, the mission environment which drives the weightings applied to the nine cost dimensions. On the other hand, the mission scenario determines the total 1V required which drives the performance dimensions that can be derived for each technology option. These are combined with the other mission
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Cost Cost Function Function



Figure Figure ofof Merit Merit
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∆∆VV
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Technical Technical Options, Options,1..n 1..n Mission Costs



Figure 2. Basic approach for applying the total cost figure of merit.



costs inherent in each option using the total cost function discussed in the last section. This approach will be applied to various missions to compare the relative costs of each system option and determine the most cost-effective for a given scenario. Results from this analysis will be used to assess the overall utility of the technique. For purposes of comparison, the following three mission scenarios were considered which span the range of typical missions envisioned for a representative 300-kg small satellite platform: 1. Commercial Mission – Commercial small satellite communications or remote sensing satellite in either LEO or GEO. 1V = 200 m/s, based on a conservative estimate of the amount needed to provide 3 years of station keeping. 2. Experimental Mission – LEO small satellite mission to demonstrate autonomous on-orbit maneuver capability. 1V = 20 m/s, sufficient to provide ∼40 km of semi-major axis change to demonstrate capability and objectively verify performance using ground and onboard measurement techniques. Launch site undefined. System design must be flexible enough to accommodate a variety of launchers and launch sites to take advantage of the lowest cost option either as a primary or secondary payload. 3. Lunar Orbit Mission – Small satellite Lunar mission beginning in GTO. 1V = 1600 m/s. Launch site undefined. System design must be flexible enough to accommodate a variety of launchers and launch sites to take advantage of the lowest cost option either as a primary or secondary payload. These scenarios allow us to view three widely different mission environments with correspondingly different weightings applied to the nine cost dimensions. To demonstrate the analysis technique, the first scenario, commercial station keeping,
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TABLE II Dimensional rank orderings for each mission scenario. Rank (weighting)



Traditional Commercial Mission



Nontraditional Commercial Mission



Experimental Mission



Lunar Orbit Mission



8 7 6 5 4 3 2 1 0



Mass Volume Technical Risk Integration Logistics Safety Price Power Time



Price Integration Safety Logistics Technical Risk Mass Volume Power Time



Price Integration Logistics Safety Power Volume Technical Risk Mass Time



Time Price Safety Logistics Integration Technical Risk Volume Mass Power



will be examined from two different mission perspectives. The first perspective is a traditional commercial approach which emphasises performance above other cost dimensions. The second approach will be that of less traditional approach which strives to attain the lowest price solution and is willing to sacrifice performance to that end. The dimensional rank orderings for each scenario are shown in Table 2. A traditional commercial mission places the highest priority on those dimensions that most affect the mission performance of the primary payload-mass, volume, technical risk and integration complexity. Because such missions are directly financed by a paying customer who is most interested in the delivery of clear images or communication channels, lower priority is placed on price, logistics, power and time. This is not to imply, for example, that safety is not important. Rather, the mission is prepared to trade-off the cost of providing safety infrastructure in favour of mass and volume. In contrast, a non-traditional commercial mission, such as one undertaken by the Surrey Satellite Technology, Ltd. (SSTL), UK, would have different priorities. For such a mission, price is the number one driving cost dimension. Important pricesensitive dimensions such as integration, safety and logistics also rank highly for such a mission. Integration cost was ranked next highest because of the potential impact on payload operations and the overall desire to keep development cost for the attitude control system low. The logistics cost was ranked third because of the mission environment that intends to retain flexibility on the final launch site selection until late in the mission design phase. This flexibility is needed to take advantage of low-cost launches but means that extensive logistics may be required to support launches from these remote sites. The same is true of safety cost at these
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sites. Of much lower priority are mass and volume. These higher risk missions are more willing to trade these dimensions in order to get a lower mission price. For an experimental mission, such as one conducted in a University environment, the top priorities are similar to those of the non-traditional commercial mission. However, the 1V for this mission is very much lower, allowing us to assess the effect of changing performance requirements on figures of merit. A high-risk lunar orbit mission operates within a mission environment similar to the experimental mission. This mission would take advantage of a secondary payload launch opportunity to geosynchronous transfer orbit (GTO). Commercial communication missions bound for geostationary orbit (GEO) are normally launched first into GTO from which an upper stage performs the necessary manoeuvre to place it into GEO. Interestingly enough, the 1V needed to go from GTO to Lunar orbit is approximately the same as that needed to go to GEO. Several researchers have proposed using these GTO opportunities as springboard for low-cost Lunar exploration (Uphoff, 1992) (Belbruno, 1987) (Chicarro, 1994). The 1V to go from GTO to Lunar orbit can be readily approximated using patched conic techniques described in (Sellers, 1994). This value is about 1600 m/s. Cost priorities are effected by the choice of initial orbit. By beginning in GTO, the highest cost priority is time. Spacecraft in GTO travel through the entire depth of the Van Allan belts twice per day, receiving a high total dose of ionising radiation, damaging sensitive electronic components. A Lunar mission could achieve the lowest cost by relying on the same proven electronic components that have been used on microsatellites in LEO. Unfortunately, this means the lifetime limit in GTO is less than three months (Underwood, 1995). The next most important cost dimensions for such a mission are price, safety and logistics. The fate of such a mission, completely funded by in-house funds, would hinge on keeping the total mission price low. Furthermore, with launch intended from a remote, low-cost site such as Svobodny, Russia, mission planners are not in a position to finance required safety equipment and logistics requirements to support certain options, preferring to trade off mass and volume to gain this flexibility. Power is lowest in priority for this mission because no payload operations would begin until after the major mission 1V has been completed. Table 3 lists the technology options considered and summarises the basic performance values assumed for this analysis. It should be noted that for operational reasons, the solid option would not be practical for the low 1V experimental mission or for the station keeping application of the commercial mission. Similarly, due to the very low density specific impulse (dIsp) requiring impracticably large tanks, the cold-gas option was not considered for the higher 1V commercial or lunar missions. Finally, because the very low thrust of the PPT requires transfer times that are far too long, it was not considered for the lunar mission. It is important to note that the actual performance for a given technology options depends not only on the inherent efficiency of the technology itself (Isp, dIsp, etc.) but on the system support architecture as well. To maximise inherent safety, the bi-
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TABLE III Comparisons between propulsion technology options (O/F = oxidiser/fuel ratio, dIsp = density specific impulse). System



Isp (sec) Oxidiser/ Fuel O/F dIsp Propellant specific specific gravity gravity



Bi-Propellant Hydrazine mono-propellant Hybrid Cold-gas H2 O Resistojet Solid (STAR 17-A) Hydrazine Resistojet PPT HTP mono-propellant



290 225 295 65 185 286.7 304 1500 150



1.447 1.008 1.36 0.23 1.0 1.661 1.008 2.16 1.36



Thrust (N)



Power (W)



0.8788 1.65 337.33 20 2 226.80 20 1 0.93 8 381.60 500 1 14.95 0.1 0.5 185.00 0.3 500 476.21 16000 0 306.43 0.33 500 3240.00 7.0 × 10−4 20 204.00 1 1



propellant system was designed with independent blow-down of each propellant. The mono-propellant system options were also designed for blow-down, accepting the minor performance loss for overall simplicity. However, due to the natural O/F shift during long burns, the hybrid system was designed with regulated oxidiser pressurisation. No support system architecture (tanks, valves, etc.) is required for solid or PPT systems. Total system price can be divided into fixed and variable prices. Table 4 lists the component breakdown and total fixed price for each system option. Fixed prices were derived based on the system architectures assumed in the previous section and a system price model developed through a survey of commercial vendors. The system variable price depends entirely on the number of propellant tanks used. This number was determined by dividing the total propellant volume needed by the tank volume. For simplicity, it was assumed that all propellant tanks are 10 litres. Stated another way, a 20 litre tank is assumed to cost twice as much as a 10 litre tank. This assumption is approximate but gives a final result adequate for purposes of relative system comparison. Technology options differ widely in their inherent mission costs. To enable direct comparison of these qualitative factors, the technology mission costs were each assigned a value on a scale of 0–100, with 0 being no cost (such as PPT logistics) and 100 being high cost (such as hybrid technical risk). This scaling was based on a thorough analysis of each technology, tempered by our own engineering judgement. These qualitative factors are listed in Table 5.
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TABLE IV Propulsion system fixed and variable monetary costs based on proprietary data obtained from industry requests for quotations. System



System Fixed Costs ($)



Variable Cost



Bi-Propellant Hydrazine mono-propellant Hybrid Cold-gas H2O Resistojet Solid (STAR 17-A) Hydrazine Resistojet PPT HTP mono-propellant



$151,423 $94,378 $158,919 $35,086 $81,258 $710,000 $204,378 $0 $84,378



Number of Propellant Tanks Number of Propellant Tanks Number of Propellant Tanks Number of Nitrogen Tanks Number of Propellant Tanks None Number of Propellant Tanks $200,000/20,000 Ns impulse Number of Propellant Tanks



TABLE V Comparison of qualitative cost dimensions for five propulsion technology options. Scale is 0–100 with 100 representing the highest cost. Option



Safety Cost Factor



Technical Risk Factor



Integration Factor



Logistics Factor



Bi-Propellant Hydrazine mono-propellant Hybrid Cold-gas H2O Resistojet Solid Hydrazine Resistojet PPT HTP mono-propellant



100 90 50 10 10 20 90 10 50



50 40 100 10 80 30 40 80 80



80 70 100 10 20 100 40 80 70



100 90 60 20 20 80 90 10 60



Applying the cost function developed earlier to the commercial mission scenarios discussed in the previous section produces the results summarised in Table 6. The table ranks the system options for each scenario based on the figures of merit. For comparison, total propellant mass and system price are also given. Figure 3 and Figure 4 plot the figures of merit for visual comparison.
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System Option



Figure 3. Figure of merit results for a traditional commercial mission scenario. Comparison of Propulsion System Cost Figures of Merit for a non-Traditional, SSTL-type Commercial Mission Scenario 100.0



Total Cost Figure of Merit



90.0 80.0 70.0 60.0 50.0 40.0 30.0 20.0
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Hydrazine monopropellant



Hybrid



Hydrazine Resistojet



HTP monopropellant



H2O Resistojet



0.0



PPT



10.0



Technology Option



Figure 4. Figure of merit results for a non-traditional commercial mission scenario.



Looking at the results for the traditional commercial mission scenario, the most cost-effective options overall were the electric propulsion systems with the highest Isp option, PPT, clearly ahead of the rest. Note that the cheapest overall option, PPT, was currently the most expensive in terms of price alone. These results are to be expected given the traditional focus on the mass and volume dimensions of cost as the primary mission drivers, irrespective of system price. Furthermore, these results justify the research emphasis placed on developing technologies such
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Comparison of Total System Cost Figures of Merit for Experimental Mission Scenario 100.0



Total Cost Figure of Merit



90.0 80.0 70.0 60.0 50.0 40.0 30.0 20.0



Bi-Propellant



Hydrazine Resistojet



Hybrid



Hydrazine monopropellant



PPT



H2O Resistojet



Cold-gas



0.0



HTP monopropellant



10.0



Technology Option



Figure 5. Total system cost figure of merit for experimental minisatellite mission scenario.



as PPT in order to attain the highest possible performance, regardless of the final system price. With these results alone, the utility of this figure of merit procedure would be questionable. However, applying this process to a non-traditional approach for the same mission reveals some interesting and counter-intuitive results. For this mission, the most cost-effective option is a simple water resistojet thruster, a technology that has received very little attention. Despite its much lower Isp (185 vs. 1500 sec), its total cost was determined to be significantly lower than the PPT. Furthermore, another little-used option, the HTP mono-propellant, demonstrated relatively low total cost. For a mission planner of such a non-traditional commercial mission, these results would indicate that by simply ‘following the pack’ and adopting the most traditional approach of using a hydrazine mono-propellant, you exclude the possibility of other options which, when considered from a total cost perspective, may offer a more cost-effective solution over all. More general conclusions from these results will be addressed in the next section. To demonstrate the versatility of the figure of merit process, it was also applied to both the experimental and Lunar orbit missions described earlier. Results for both are summarised in Table 7 including mass and price data for comparison. Figure 5 plots the figures of merit for the experimental mission and Figure 6 for the Lunar orbit mission. For the experimental mission scenario, the most efficient option in terms of mass is clearly the PPT. However, the least mass efficient option, cold-gas, comes out the most cost-effective overall due to the high weighting put on price, integration and logistics dimensions for this particular mission. Furthermore, as with the
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Comparison of Total Mission Cost Figures of Merit for Lunar Orbit Mission Scenario 100.0



Total Cost Figure of Merit
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Figure 6. Total cost figures of merit for Lunar orbit mission scenario.



TABLE VI Summary of cost analysis results for traditional vs. non-traditional commercial missions. Mission



System



Propellant Mass (kg)



System Price ($)



Normalised Total Cost



Traditional Commercial



PPT Hydrazine Resistojet H2 O Resistojet Hybrid Bi-Propellant Hydrazine mono-propellant HTP mono-propellant Hydrazine Resistojet



3.37 16.22 26.09 16.69 16.97 21.66 31.77 1.67



$500,000 $229,942 $119,604 $171,701 $176,987 $132,724 $122,724 $217,160



47.4 74.3 77.7 84.3 84.9 88.8 100.0 3.2



Non-Traditional Commercial



H2 O Resistojet PPT HTP mono-propellant Hydrazine Resistojet Hybrid Hydrazine mono-propellant Bi-Propellant



26.09 3.37 31.77 16.22 16.69 21.66 16.97



$119,604 $500,000 $122,724 $229,942 $171,701 $132,724 $176,987



56.2 76.1 86.3 90.0 91.7 92.0 100.0
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TABLE VII Summary of Total System Cost analysis results for an experimental mission and a Lunar orbit mission. Mission



System



Propellant Mass (kg)



System Price ($)



Normalised Total Cost



Experimental



Cold-gas H2 O Resistojet HTP mono-propellant PPT Hydrazine mono-propellant Hybrid Hydrazine Resistojet Bi-Propellant



7.72 2.82 3.37 0.34 2.26 1.72 1.67 1.75



$77,594 $94,040 $97,160 $200,000 $107,160 $171,701 $217,160 $176,987



30.9 46.7 65.4 67.4 79.5 89.2 97.9 100.0



Lunar orbit



Hybrid HTP mono-propellant Hydrazine mono-propellant Bi-Propellant Solid (2 x STAR 17-A) H2 O Resistojet Hydrazine Resistojet



106.18 165.72 128.90 107.54 108.46 148.98 103.80



$248,393 $237,762 $260,544 $279,243 $1,420,000 $272,988 $332,198



49.0 59.1 59.8 64.0 68.5 69.6 100.0



non-traditional commercial mission, other little-used options, the H2 O resistojet and HTP mono-propellant, are shown to offer cost-effective advantages over more traditional approaches such as the hydrazine mono-propellant. The results for the Lunar orbit mission are equally interesting. Traditionally, the clear choice for such a mission would be a solid, hydrazine mono-propellant or bi-propellant. However, this total cost analysis reveals that not only are these options more expensive in price and mass terms, they do not offer the most overall cost-effective option. Instead, the hybrid rocket, a technology that has never seen application in space emerged as the clear choice, even when the high technical risk for a first-use mission is considered. The results for both these missions highlight the flexibility of the total cost figure of merit process. It can easily be applied to widely different missions with varying 1V cost priorities. Reviewing these results some important general conclusions can be drawn about the efficacy of this total cost figure of merit approach. In some respects, some of these results could be considered controversial. PPTs, for example, are currently enjoying considerable research support by the USAF and NASA (Myers, 1994). However, for certain applications they did not emerge as the most cost-effective option despite their promise of high performance. Furthermore,
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solid motors, often preferred for high 1V missions, such as the Lunar Orbit scenario, appear far too costly compared to other options, especially the hybrid which has struggled to receive support within the aerospace community. It is important to emphasise that the results presented above are not intended to be the final word. The purpose for developing this process was to produce results from which to start discussion, not iron-clad answers intended to end all debate. For example, different schools of thought may take exception with the exact qualitative values assigned to certain technology options or the weightings applied to various dimensions for a given mission scenario. In addition, the approach taken assumed a linear relationship between cost parameters, i.e. a ‘mass cost’ of 50 kg would be twice as much as a mass cost of 25 kg. In reality, programmatic trade-offs for a particular satellite design would not necessarily scale this as a 2:1 disadvantage. However, while the results may differ depending on the actual assumptions made, the fundamental process and cost parameters used would remain the same. Therefore, the more general conclusions about the utility of the process itself are the most important to consider. To begin with, this unique method for comparing system options provides a versatile tool for mission planners that allows them to quickly quantify and compare all available technologies and assess their relative total mission costs. Thus, for the first time, complex system information can be easily quantified. The appropriateness of a technology is judged by taking a wider view that encompasses more than simply price or performance. Until now, engineers typically relied on completely subjective engineering judgement or ‘gut feeling’ in order to take into account such indirect cost factors as integration and safety. The total cost figure of merit process now provides a quantifiable means of making those important engineering decisions. Furthermore, because the process results in a quantifiable parameter, it can serve as a useful total quality planning tool. By quantifying the starting point for various options, this technique can provide important indications of where best to invest in improvement and enables any incremental improvements to be measured. In this way, the controversial results reported above may help to spark debate and force a re-examination of research priorities for small satellite propulsion. For example, in deciding where best to invest money in a PPT development program, this process (as evidenced by the results above) would indicate that more effort should be aimed at lowering the price and integration complexity of the thruster rather than on increasing its delivered Isp. In doing this, it would clearly offer a better overall cost-effective solutions to competing options. The initial application for this method was as a research planning tool at the University of Surrey. These results indicate that three propulsion technologies offer real benefit for envisioned future missions: • Cold-gas – for near-term experimental missions to develop basic orbit control techniques.
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• H2 O resistojet – for commercial applications for the minisatellite bus for station keeping requirements in LEO or GEO. • Hybrid rockets – for future high 1V options such as a Lunar mission. Research into this technology also provides an HTP mono-propellant capability as a necessary spin-off which is a competitive option in its own right for other mission scenarios.



5. Conclusions Affordable small satellites need affordable propulsion systems. The primary objective of the research described in this paper was to investigate cost-effective propulsion system options for small satellites. To begin with, key spacecraft hardware cost drivers were shown to occur during each phase of a mission – definition, design and acquisition – and a process for resolving them was advanced. Furthermore, propulsion system costs were shown to include far more than performance and price. A new paradigm for understanding the total cost of propulsion systems was defined that encompasses nine dimensions – mass, volume, time, power, system price, integration, logistics, safety and technical risk. This paradigm was used to characterise propulsion technology options. From this effort, hybrid rockets emerged as a promising but underdeveloped technology with great potential for cost-effective application. To evaluate this potential, a dedicated research program was completed during which a hybrid motor was designed, built and tested using 85% hydrogen peroxide as oxidiser and polythene as fuel. The basic concept for a hybrid upper stage was proven. The development of a total propulsion system cost analysis tool was presented. Figures of merit for system options were derived within the context of a specific mission scenario. Preliminary results offer important quantifiable data to direct future propulsion system research. Beyond the university environment, this process provides a valuable planning tool to industry, enabling complex system options to be easily quantified. In application, this tool can empower mission planners and research directors to effectively trade-off the multi-dimensional aspects of propulsion cost to determine how best to invest in future technology.
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