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The Multimode/In-Situ propellanT (MIST) system is designed to serve as a test bed to 

supply various alternative propellants for ground-based electric propulsion applications. The 

MIST system can operate in multiple modes and supply gas mixtures, such as air, condensable 

vapors, such as water vapor, and pure gases, such as xenon, at a designed mass flow rate range 

of 0.5 to 10 mg/s in all modes. The MIST system design process involves implementing a system 

engineering design approach with high-level system requirements, a risk analysis, and a 

configuration sweep using a figure of merit approach. The system requirements are then 

validated using leak, condensation, and 5-kW Hall effect thruster hot-fire validation tests. 

With the currently installed components, the MIST system can supply pure gases with a flow 

rate uncertainty of ±1%, gas mixtures with a composition and flow rate uncertainty of ±1.4%, 

and condensable gases with a flow rate uncertainty of ±0.56%.  

I. Introduction 

ULTIMODE and in-situ propellants and propulsion systems have garnered recent interest for use in electric 

propulsion (EP) devices. Multimode propulsion systems consist of two separate propulsion architectures that 

are integrated on a common spacecraft platform and can share a common propellant. The two propulsion devices, 

often chemical and electric, allow for a spacecraft to operate in either a high-efficiency or high-thrust mode without 

the additional cost, weight, and complexity of two entirely independent propulsion systems1-3. In-situ propellants, on 

the other hand, are propellants that are harvested in space, either in orbit or on various planetary bodies. In-situ 

propellants are useful in that the propellant can be harvested and resupplied away from Earth, which allows spacecraft 

to carry less propellant on the initial launch and extend their operational lifetime in space4. 

 There are multiple arrangements of thruster and propellant combinations that can be used for multimode and in-

situ systems, but one of the common propellants that has gained attention in recent years across both areas is water5-

7. Water is beneficial in that an electrolysis process can separate it into hydrogen and oxygen constituents, which are 

prominent fuels for bi-propellant chemical propulsion systems in high-thrust multimode applications6. Furthermore, 

water stores at a relatively high density compared to other gaseous propellants and maintains a high specific impulse 

due to its low particle mass, which are both beneficial for a high-efficiency, EP multimode application7. Water is also 

found on a myriad of planetary bodies in the universe8, making it ideal for in-situ propellant harvesting on deep space 

missions.  

 Many EP devices, such as Hall effect thrusters (HETs), rely on gaseous products to operate, but at room 

temperatures and pressures, water will condense. Along with condensability risks, water in its liquid state maintains a 

relatively high surface tension compared to other condensable liquids due to its intermolecular hydrogen bonding9. 
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These characteristics of water pose challenges to developing and operating a propellant feed system for EP ground 

testing, especially in maintaining steady flow over time.  

 Another common in-situ propellant is air, which can be harvested for satellite propulsion in very low Earth orbit 

(VLEO), which is generally defined as orbits less than 450 km. Harvesting air in VLEO could provide an indefinite 

supply of propellant, which would greatly extend the lifetime of satellites in this orbit10. VLEO is an attractive orbit 

due to its close positioning to Earth, offering better latency of communication systems and higher resolution ground 

imaging along with numerous other benefits11,12. The VLEO environment is complex, where the atmospheric 

composition changes as a function of altitude, time of day, time of year, and solar activity13,14. These factors can cause 

the input propellant composition to consistently change in a VLEO in-situ electric propellant thruster, resulting in 

varying performances and efficiencies.  

 To facilitate ground testing and capture the capabilities and performances of water, air, and other multimode and 

in-situ propellants in an EP device, namely a HET, the authors designed a propellant feed system that can produce and 

deliver these various products. This paper overviews the design, calibration, and verification of this novel propellant 

feed system, while placing special attention on the numerous risks and constraints imposed by the various propellant 

constituents. This propellant feed system can operate in a pure gas, pure gas mixture, condensable product, or 

condensable product/pure gas mixture operating mode, thus serving as a testbed for various alternative propellants in 

EP devices. To verify the design and operation of this feed system, the authors tested the delivery of xenon, nitrogen, 

a krypton/argon mixture, and water vapor in a hot-fire test with a 5-kW P5 HET. 

II. Design Space Requirements and Configuration Selection 

The design of the Multimode/In-Situ propellanT (MIST) system followed the recommended practices laid out in 

the NASA Systems Engineering Handbook for system design15. The first subsection presents design decisions enacted 

from the high-level system requirements and risks considered in the design of the MIST system. The next subsection 

presents a configuration survey of potential methods to meter the water constituent and then selects the winning 

configuration using a figure of merit approach.  

A. High-Level System Requirements 

 The design of the MIST system was based on a set of high-level design requirements that highlight how the system 

should operate. The overall design intent of the MIST system is to serve as a testbed for various alternative propellants 

used in an EP capacity. Specifically, the MIST system is designed to operate on water vapor and a mix of gaseous 

propellants, such as air; however, this use case can be expanded to include other condensable propellants and gaseous 

mixtures as the field of alternative propellants continues to evolve.  

 The primary EP device considered in the MIST system design is a HET, which dictates some of the MIST design 

requirements, such as the requirement to supply propellants in a vapor form and the required mass flow rate range in 

the order of 1-10 mg/s. The other system requirements are derived with ease of use, calibration capability, safety, and 

material compatibility in mind and influenced by the NASA Preferred Practices Design Considerations for Fluid 

Tubing Systems document (NASA PD-ED-1224)16. The list of high-level MIST system design requirements is 

presented in Table 1. 

  

Table 1.  MIST system high-level requirements. 

# Requirement Description  

1 MIST system shall operate with pure gas, water vapor, and gaseous mixture constituents 

2 MIST system shall supply all products in a gaseous form 

3 MIST system shall supply a gas, independent from the anode and non-corrosive, to the cathode 

4  MIST system shall supply constituents in a mass flow rate range of 0.5-10 mg/s 

5 MIST system shall supply constituents with a maximum mean flow rate uncertainty of ± 5% of the 

operational setpoint 

6 MIST system shall supply a steady mass flow rate of constituents with a maximum peak-to-peak oscillation 

of ±10% of the flow rate setpoint 

7 MIST system shall not exhibit a propellant leak greater than 0.5 sccm on nitrogen at 30 psi 

8 MIST system shall not pose a significant safety risk for operators 

9 MIST system shall be constructed of materials compatible with water and oxygen 
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 Operation with alternative propellants can introduce some inherent risks, both to user safety and in meeting the 

required design intent of the propellant feed system. These feed system risks are outlined in Table 2, and are used to 

influence design decisions for the MIST system to mitigate these risks as much as possible. In this table, the risks are 

also classified by their severity, which can rank as high, medium, or low. A high severity risk requires significant 

design considerations to mitigate that risk and is addressed first as it can require significant modifications to the overall 

feed system architecture. A medium severity risk requires moderate design modifications to reduce that risk and is 

addressed next as it generally involves adding several additional components to the propellant feed system. Finally, a 

low-severity risk requires minor modifications to mitigate that risk and generally only involves adding minor 

components to the feed system that do not affect the overall feed system design.  

 

Table 2.  MIST system risk analysis. 

# Risk Description  Severity 

i Water is condensable at standard pressures and temperatures High 

ii Liquid water has high surface tension causing potentially unsteady flow rate control Medium 

iii Oxygen can cause flammability risks Low 

iv  Oxygen and water can cause corrosive risks Medium 

v Water vaporization can cause high temperatures and pressures Low 

 

 The high-level design requirements and risks define the design space for the MIST system. Within this design 

space, numerous design decisions were made to meet the system requirements and mitigate the risks. Table 3 presents 

these design decisions along with the respective requirements and risks upon which that design decision is based, 

where many of the design decisions are made to address the condensability risk of the water constituent as this risk is 

high severity. These design features direct the overall configuration and design of the MIST system.  

 

Table 3.  Requirement and risk-based design decisions. 

# Requirement 

Basis 
Risk 

Basis 
Design Description  

1a 1 i Metering of the water and gaseous constituents will be separate. 

2a 2 i The MIST system will possess a heating system for water vaporization. 

2b 2 i Installed pressure transducers and thermocouples will verify water vapor remains in 

a vapor state. 

3a  3 ~ The MIST system will have an independent flow path to run the cathode on xenon or 

krypton. 

4a 4 ~ All installed flow devices will be rated for the mass flow rate range of 0.5-10 mg/s. 

5a 5 ~ All constituents will have an independent calibration method to validate flow rate 

uncertainty. 

5b 5 i The MIST system will possess an additional calibration method to ensure water 

vapor does not condense. 

6a 6 ii The MIST system will contain a plenum to mitigate water flow rate oscillations. 

6b 6 ~ The MIST system will have the capability to record the flow rate of all constituents 

in real time. 

7a 7 ~ A leak check procedure will be implemented to verify the leak rate requirement. 

8a 8 iii Oxygen operation will require an installed oxygen flame arrestor. 

8b 8 v All heated lines will have insulation to reduce burn risks from high temperatures. 

8c 8 v The MIST system will have a relief valve to maintain safe working pressures. 

9a 9 iii All oxygen-wetted surfaces will be maintained at a temperature significantly below 

metal ignition temperatures. 

9b 9 iv All water and oxygen-wetted surfaces will be constructed with stainless steel. 
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B. Water Metering Configuration Survey 

 As seen in Table 3 design decision 1a, the water constituent is independently supplied and metered from the rest 

of the gas constituents due to the complexities in metering low flow rates of water and its condensability risk. There 

are different methods to meter water, each with distinct advantages and disadvantages. Three potential methods are 

displayed in Fig. 1, including pressurant-driven flow control, steam flow control, and liquid water flow control. In the 

diagram below, MFC indicates the mass flow controller.  

 

 
Figure 1.  Water metering configuration survey. 

Pressurant-driven flow control describes the process where an inert pressurant gas, typically nitrogen, drives water 

across a restrictive orifice plate by varying the head pressure of the water. For an orifice with a fixed liquid impedance, 

temperature, and backpressure, the water flow rate across that orifice is a direct function of upstream pressure, as 

referenced in ISO 516717. The pressure is recorded using an upstream pressure transducer, and the signal is fed to a 

PID controller, which controls the pressure via an MFC. A major challenge that exists with this method is that the 

orifice area needs to be extremely small to regulate a low flow rate of water. With a small cross-sectional orifice area 

and the high surface tension of water, the pressurant pressure could become prohibitively high for the upper mass flow 

rate range.  

Steam flow control is an alternative water flow control method where water is boiled in a reservoir to increase the 

pressure of the steam upstream of an MFC. Most MFCs require a pressure differential across them to operate so that 

the steam would provide the necessary pressure differential. Shirasu et al.7 and Nakagawa et al.18 have demonstrated 

a steam control flow system, using bang bang valve control, for use on a HET and electron cyclotron resonance 

thruster, respectively. Gallucci et al. have also designed a steam flow control system for use on their microwave 

electrothermal thruster, but has not published specifics on the steam MFC configuration19. Some challenges that arise 

with this method are that many MFCs are not compatible with the high temperature required for steam control and the 

time required to vaporize water can make it difficult to quickly change flow rates or maintain a constant upstream 

pressure.  

Finally, liquid water flow control maintains the water flow rate using a liquid-based MFC. To isolate the liquid 

MFC from vacuum, a flow restrictor, such as a backpressure regular (shown in Fig. 1) or capillary tube is required 

downstream of the MFC. Tejeda et al. demonstrated liquid flow control for a water vapor HET application using a 
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capillary as a flow restrictor5. A major challenge that arises in liquid flow control is that there are a limited number of 

liquid MFCs that exist for the required flow rate range.  

The authors selected the water control method using a figure of merit approach applied to each of the configurations 

and judged based on how well they fit criteria derived from the high-level system requirements. The selected criteria 

are cost, complexity, flow steadiness, total flow uncertainty, user safety, and material compatibility, and each criterion 

is equally weighted. The configurations are qualitatively ranked in each criterion, with 1 being the best and 3 being 

the worst, and the scores are summed for each configuration. The figure of merit analysis is shown in Table 4. 

 

Table 4.  Water metering configuration figure of merit selection. 

Configuration Cost Complexity Flow 

Steadiness 

Flow 

Uncertainty 

Safety Material 

Compatibility 

Total 

Pressurant Driven 1 2 3 3 2 1 12 

Steam Control 3 3 2 2 3 3 16 

Liquid Control 2 1 1 1 1 2 8 

 

 The winning configuration from the figure of merit approach is liquid flow control, primarily due to the simplicity 

of the design. This configuration also allows for the most direct control over the water flow rate. Within liquid flow 

control, various flow controller types are available, including Coriolis, thermal-based, micro pump-fed, and syringe 

pump. The authors selected to use a syringe pump configuration due to the relatively low cost, high flow rate range, 

and high accuracy these pumps allow.  

 A syringe pump operates by using a high-precision linear stepper motor to compress the plunger of a gas-tight 

syringe pre-loaded with deionized water. The speed of the linear stepper motor and the diameter of the syringes dictate 

the resultant water flow rate. Syringe pumps are heavily used in the medical industry for precise intravenous liquid 

drug delivery20,21. Due to the adaptability of operating with different syringe diameters and linear pusher speeds, 

syringe pumps can operate with flow rate ranges anywhere from 𝜇L/hr to mL/s with less than 1% uncertainty. These 

pumps also excel with viscous liquids and liquids with a high surface tension, making them ideal for the MIST system 

application. 

III. Propellant Feed System Design Overview 

This section overviews the final design of the MIST system. The first subsection presents the process and 

instrumentation diagram for the MIST system, and the subsequent subsections discuss the operation of the MIST 

system in pure gas, gas mixture, and water vapor modes. The final subsection presents the control method, user 

interface, and data acquisition method for the MIST system.  

A. Process and Instrumentation Diagram of Final Design 

Fig. 2 presents the final process and instrumentation diagram (P&ID) of the MIST system. The flow paths for each 

operational mode are highlighted to distinguish the unique hardware and devices used in each mode. The requisite 

hardware derived from the requirement and risk-based design decisions in Table 3 have been included in the P&ID.  
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Figure 2.  MIST system process and instrumentation diagram. The colors represent flow paths in the various 

operating modes. 

B. Pure Gas Operation 

 The first operational mode of the MIST system is the pure gas mode, which consists of a single, non-condensable 

gas supplied to the anode and cathode. The gas can be shared between the anode and cathode (such as xenon supplied 

to both) or can be distinct gases between the two (such as nitrogen to the anode and xenon to the cathode). The shared 

gas flow path is shown in light blue in the Fig. 2 P&ID, where the anode path utilizes a plenum bypass line for 

simplicity. MKS GE50A MFCs meter both the anode and cathode lines, and their operational flow rates are 

independently calibrated with a MesaLabs DryCal 800 in accordance with the recommended practice outlined in 

Snyder et al.22. The MFCs have a resultant uncertainty of 1% of the flow rate setpoint, leading to a maximum test 

uncertainty of ±0.10 mg/s at a 10 mg/s setpoint flow rate.  

C. Gas Mixture Operation 

The next operational mode of the MIST system is the gas mixture mode, which consists of supplying a variable 

mixture of two non-condensable gases to the anode, such as an air mixture. The cathode can operate either using one 

of the gases in the mixture or by using a third, independent gas. For gas mixtures containing oxygen, an oxygen flame 

arrest is installed on the primary anode gas line to prevent flame propagation given an ignition event. The secondary 

anode gas is metered using an additional MKS GE50A MFC, and the two gases mix in a 0.5L stainless steel plenum. 

Needle valves installed upstream of the plenum impose a pressure gradient to prevent the gases from backstreaming 

into the opposing fluid path. The complete gas mixture then flows out of the plenum and continues to the thruster 

anode. Since both anode gases are actively controlled using MFCs, the mixture ratio can be changed throughout the 

course of a test, simulating various atmospheric conditions in a VLEO environment.  

The third MFC is also independently calibrated with a MesaLabs DryCal 800. The mixture composition is not 

directly measured; however, pressure transducers upstream of both needle valves ensure steady flow from both gas 

constituents. If the flow of each constituent is steady, seen with a steady pressure measurement, constituent 

backstreaming is mitigated, and there are no mass loss mechanisms, the final mixture composition will remain constant 

in the gas mixture. The gas mixture operation mode presents a flow rate and composition uncertainty of 1.4% of the 

flow rate setpoint, leading to a maximum test uncertainty of ±0.14 mg/s at a 10 mg/s setpoint flow rate.  
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D. Water Vapor Operation 

 Another operational mode of the MIST system is the water vapor mode, which consists of supplying water vapor 

to the anode and an independent, non-condensable gas to the cathode. The deionized water propellant is metered in 

liquid form using a Cole Parmer six-channel syringe pump operating with KD Scientific 50 mL stainless steel gas-

tight syringes. Pressure is held on the syringe pump using an Equilibar ZF1SNN8 backpressure regulator at a set 

pressure of 30 psig. Upstream of the backpressure regulator is held liquid-locked with water, which can cause rampant 

increases in pressure with the actuation of the syringe pump. To mitigate pressure spikes, a 40 psid relief valve is 

installed in the liquid-locked region, where an air pocket is held between the ball valve and the relief valve. The air 

allows for a quick release of pressure and acts as a spring to slow the rate of pressure rise. The pressure will rise in the 

liquid-locked section until it reaches 30 psig, verified by an installed pressure transducer, at which point the water will 

pass through the backpressure regulator at a rate equal to the supply rate of the syringe pump.  

 Once the water exits the backpressure regulator, it passes through a Watlow Fluent FLC-2 in-line heater, which is 

a device that forces the water over a series of heated baffles to vaporize the liquid water. The water is maintained in a 

vapor state for the remainder of the feed system until it reaches the thruster anode. The vaporization process creates 

some pressure oscillations, which are damped as the water vapor passes through the 0.5L plenum. To ensure the water 

vapor does not condense, the remainder of the propellant lines after the in-line heater are coated in a thermal transfer 

compound, wrapped in heater wire, and insulated using fiberglass and alumina insulation. A control system maintains 

the in-line heater and heated lines at a constant, set temperature. A series of pressure transducers and in-line 

thermocouples throughout the remainder of the heated section ensures the water remains in a vapor state. The pressure 

transducers in the vapor region serve an additional function of acting as live flow rate monitors. Since the thruster 

anode has a fixed cross-sectional area and the water vapor is maintained at a constant temperature, the water vapor 

flow rate into the anode is directly a function of the upstream pressure. If this pressure is constant, and the water is not 

condensing anywhere, the vapor flow rate into the anode is equal to the commanded flow rate from the syringe pump. 

Once testing is complete, a dry purge gas is flowed through the water vapor section of the MIST system to purge any 

remaining condensable vapors. 

 Prior to flowing water vapor to the thruster, the MIST system undergoes a rigorous calibration process to ensure 

the syringe pump is outputting the correct flow rate and the water vapor is not condensing in the system. The syringe 

pump flow rate is calibrated using a 100 mL Koflo calibration column, denoted as calibration column 1 in Fig. 2. 

Calibration column 2 is then used to ensure the water vapor does not condense in the feed system. This calibration 

column is positioned just before the vacuum chamber propellant feedthrough, and after the highest-pressure region in 

the MIST system. The tubing just before calibration column 2 is equipped with a water chiller sleeve and the bottom 

of calibration column 2 is fitted with a stack of six Peltier plates and a heat sink, where both regions are held at 1°C. 

The water vapor will re-condense in calibration column 2, and if the steady state flow rate measured in calibration 

column 2 is equal to that measured in advance in calibration column 1, there is no water condensation between the 

two calibration columns. These methods ensure a flow rate uncertainty of 0.56% of the flow rate setpoint, leading to 

a maximum test uncertainty of ±0.056 mg/s at a 10 mg/s flow rate. 

E. Propellant Feed System Control and Live Monitoring 

The heaters in the MIST system are controlled using an on/off control system with a relay board to regulate power 

to the heaters. The heaters are divided into three different circuits, as shown in Fig. 2, where circuit 1 encompasses 

the in-line heater, circuit 2 covers all the heated lines outside the vacuum chamber, and circuit 3 regulates the heated 

lines inside the vacuum chamber. Each circuit uses a control thermocouple to provide the control system input. A user 

can control the setpoint temperature and monitor the pressure transducer and thermocouple data in the MIST system 

using a LabVIEW VI that communicates to the MIST system via MODBUS serial communication. The LabVIEW 

user interface is shown in Fig. 3. 
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Figure 3.  MIST system LabVIEW user interface. 

The live data plotting capability allows the operator to determine when the propellant, particularly the water vapor 

component, is in a steady state prior to starting the thruster. The live system monitoring presents a holistic view of the 

MIST system, including pressures and temperatures throughout the system and when each heater is engaged. Data 

from all sensors are recorded and saved to a csv file.  

IV. Propellant Feed System Validation 

Once the MIST system was constructed, it underwent a series of validation tests to ensure nominal operation. The 

following subsections overview the validation tests, which include a leak check test, water condensation test, and 

thruster hot-fire test on a 5-kW HET. 

A. Leak Check Verification Test 

The first validation test sought to verify system adherence to high-level Requirement 7, which states that the leak 

rate of the system shall be less than 0.5 sccm on nitrogen at 30 psi. To perform this leak test, the authors disconnected 

the propellant line from the thruster and capped the end. The primary anode MFC was fed upstream with 30 psig 

nitrogen and pressurized the system until the system reached a pressure balance across the MFC. At this point, the 

MFC flow rate dropped to zero, indicating the system had no discernable leaks, and any remaining leakage in the 

MIST system was much less than 0.5 sccm. As a secondary test, the authors used leak detection fluid while the system 

was at pressure to ensure no visible leaks. These leak check tests validate Requirement 7. 

B. Water Condensation Validation Test 

The next validation test sought to verify system adherence to high-level Requirement 2 and the effective mitigation 

of Risk i to ensure water will not condense within the MIST system. As outlined in Section III.D., the water 

condensation test ensures water does not condense between the two calibration columns, as shown in the P&ID in Fig. 

2. This region is the highest-pressure region in the MIST system, and the most likely region for water to condense. 
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Chilling calibration column 2 causes the water to re-condense, allowing for the effective measurement of the water 

vapor flow rate through this section. If the flow rate measured in calibration column 2 is lower than that supplied by 

the syringe pump and measured in calibration column 1, this indicates that water vapor mass is lost somewhere in the 

feed system by either a leak path or by condensation.  

Water is the most likely to condense at the highest operating pressures, which will occur at the maximum designed 

flow rate condition of 10 mg/s. Due to this, a water condensation validation test at a 10 mg/s flow rate bounds the 

designed flow rate range. The condensation validation test occurred at flow rate steady state, seen with constant 

pressures among all pressure transducers, until the syringe pump delivered 10 mL of water. This occurred in 16.67 

min at the 10 mg/s flow rate. Fig. 4 presents before and after results from the condensation validation test. As seen in 

the figure, 10 mL of water condensed in calibration column 2 in 16.67 min within 1% uncertainty, thus validating 

Requirement 2 and ensuring negligible condensation of water in the MIST system.  

 

                               
Figure 4.  Water condensation validation test on the MIST system using calibration column 2. The mass flow 

rate for this validation test is 10 mg/s. 

C. Hot-Fire Test on a Hall Effect Thruster 

The goal of the final validation test of the MIST system is to test the functionality of each operational mode during 

a hot-fire test on a laboratory HET. Specifically, this test sought to verify system adherence to Requirements 1 and 6 

and ensure stable operation of the HET using the MIST system. The authors selected the P5 HET, which is a 5-kW 

laboratory thruster, to perform the hot-fire validation test. The P5 operated on xenon and nitrogen to verify operation 

in the pure gas mode, a krypton and argon mixture to verify operation in the gas mixture mode, and water vapor to 

verify operation in the water vapor mode. All setpoints from the hot-fire test are presented in Table 5. These setpoints 

capture the stable operating point of the P5 on each propellant. 

 

Table 5.  Hot-fire HET operational setpoints. 

Setpoint MIST 

Operational 

Mode 

Anode 

Propellant 

Cathode 

Propellant 

Anode 

Flow Rate, 

(mg/s) 

Cathode 

Flow Rate, 

(mg/s) 

Discharge 

Voltage, 

(V) 

Discharge 

Power, 

(kW) 

1 Pure Gas Xenon Xenon 5.0 0.44 274 2.0 

2 Pure Gas Nitrogen Xenon 5.0 0.44 279 4.3 

3 Gas Mixture Krypton/Argon Krypton 3.1 (Kr) 

1.4 (Ar) 

0.41 236 2.6 

4 Water Vapor Water Vapor Xenon 5.0 0.44 250 3.5 

 

 All testing was performed in Vacuum Test Facility 1 at Georgia Tech, and all operational chamber pressures were 

below 5 × 10−5 Torr, corrected for the respective propellant. The P5 operated for at least two consecutive hours at 

16.67 min 
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each setpoint. Fig. 5 presents the P5 HET operating on each of the propellants supplied with the MIST system 

operating in its various propellant supply modes.  

 

 
h                   (a)                                          (b)          (c)                                          (d) 

Figure 5.  P5 operating in pure gas mode (a)(b), gas mixture mode (c), and water vapor mode (d) using the 

MIST system. (a) has xenon through the anode and cathode, (b) has nitrogen through the anode and xenon 

through the cathode (b), (c) has a krypton/argon mixture through the anode and krypton through the 

cathode, and (d) has water vapor through the anode and xenon through the cathode. 

The P5 reached thermal and discharge stability, classified by a thruster body temperature variation less than 2 

°C/hr and an average discharge current variation less than 1% over five minutes, running on each of the propellants 

in the hot-fire validation test. The successful thruster stability conditions using each of the MIST system operational 

modes validate Requirement 1. In the validation of Requirement 6, which ensures the peak-to-peak oscillations of the 

propellant flow rate remain under ±10% deviation from the mean, the water vapor constituent demonstrated the largest 

oscillations. A sample start-up profile of the water vapor constituent, illustrating these oscillations, is shown in Fig. 6. 

In the figure, the pressure transducer directly upstream of the backpressure regulator records the liquid water pressure, 

and the pressure transducer directly downstream of the plenum captures the plenum pressure. The locations of these 

pressure transducers are shown in the P&ID in Fig. 2. 
 

 
Figure 6.  MIST system water vapor start-up pressures. 

 The flow rate of water vapor to the thruster scales by the square root of plenum pressure for a fixed anode cross 

section and water vapor temperature as mentioned in ISO 516717. Thus, the resultant peak-to-peak oscillation in the 

water vapor flow rate is determined by analyzing the peak-to-peak oscillation in plenum pressure. The maximum 

measured peak-to-peak oscillation of the plenum pressure is ±8.6%, which results in an approximate maximum peak-
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to-peak oscillation of the delivered water vapor flow rate of ±4.2%. This meets the stability requirement, thus 

validating Requirement 6. Additional plenum volume and operation at a higher water vapor mass flow rate can further 

mitigate these remaining water vapor oscillations.   

V. Conclusion 

 This paper overviews the design, calibration, and testing of the MIST system, which can supply a pure gas, pure 

gas mixture, or condensable vapor to an EP device. The current testing validates the MIST system to supply propellants 

in the pure gas, gas mixture, and condensable vapor modes at a mass flow rate of 0.5-10 mg/s, maximum uncertainty 

of 5%, and maximum peak-to-peak oscillation of ±10% of the current flow rate setpoint. Many of the components in 

the MIST system are interchangeable to allow for alternative operating regimes, and these validation bounds can be 

adjusted with further testing.  

 The operation mode seen to produce the largest oscillations is the condensable gas mode, seen with approximate 

peak-to-peak flow rate oscillations of ±4.2% while running on water vapor at a flow rate of 5 mg/s. These oscillations 

can be further mitigated in the future by increasing the plenum volume or adding additional flow-dampening hardware 

to the MIST system. While no air mixtures were generated using the MIST system at the time of this paper, this is a 

primary design focus of the system, and this application will be explored in the future using the gas mixture mode. 
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