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TECHNICAL MEMORANDUM

LIQUID BISMUTH PROPELLANT MANAGEMENT SYSTEM FOR THE VERY HIGH  
SPECIFIC IMPULSE THRUSTER WITH ANODE LAYER

1.  INTRODUCTION

1.1  Motivation

	 Operation of Hall thrusters with bismuth propellant has been shown as a promising path for the 
development of high-power (140 kW per thruster), high-performance (8,000 s specific impulse (Isp) at 
>70% efficiency), electric propulsion systems for spaceflight missions.1 The use of bismuth also alleviates 
several logistical issues that would normally be associated with development and deployment of a high-
power Hall thruster operating on xenon, which is the traditional propellant option. The cost of propellant 
for testing and performance of deep-space missions is not nearly as prohibitive since bismuth costs far 
less than xenon ($75/kg compared to $2,000/kg as of this writing). Also, since it is solid at room tempera-
ture, vaporized bismuth can be condensed using simple, water-cooled plates, essentially cryopumping the 
propellant at room temperature and obtaining equivalent pumping speeds of millions of liters per second. 
Finally, while xenon-fed Hall thrusters have difficulty operating at high voltages (>1 kV), thrusters using 
bismuth have achieved very high Isp because they can operate at voltages approaching 10 kV.

	 The work described in this Technical Memorandum (TM) is part of the Very High Isp Thruster 
with Anode Layer (VHITAL) program.2 This program represented one of several domestic efforts aimed 
at validating the high performance of bismuth-fed Hall thrusters and understanding the physical mecha-
nisms that allow for high-voltage, high-power, high-performance operation.1 NASA Marshall Space 
Flight Center’s (MSFC’s) role in the VHITAL program was focused on the design, construction, and 
evaluation of a propellant management system that could deliver liquid bismuth to a Hall thruster while 
simultaneously monitoring the propellant flow rate. This was a critical element of the VHITAL program 
since performance cannot be accurately assessed without precise knowledge of the mass flow rate. Previ-
ous performance measurements1 used a pretest/posttest propellant weighing scheme that did not provide 
any real-time measurement of the mass flow rate during thruster operation, leading to relatively large 
error bars on both Isp and thrust efficiency. The VHITAL propellant management system was designed 
to obtain more accurate, temporally resolved flow rate measurements. The overall system was also 
designed as a test bed where hardware and control algorithms could be evaluated for future propellant 
feed system development efforts. 

1.2  Definition of the Problem

	 In the VHITAL thruster, the bismuth propellant must undergo three phase transitions—solid  
to liquid, liquid to gas, and gas to plasma. The primary function of the propellant management system  
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is the delivery of gaseous propellant to the discharge chamber at a prescribed mass flow rate. This can be 
accomplished by any one of the three methods schematically illustrated in figure 1 and discussed below.

Reservoir

Reservoir

Reservoir Pump Flow Sensor Vaporizer Thruster

Pump

(a)

(b)

(c)

Vaporizer Thruster

Thruster

T TB

T TM T TB

T TB
T TM

Figure 1.  Simplified schematic of three increasingly complex approaches 
	 for delivering metallic propellant from a reservoir to a thruster.

	 In the simplest scenario, sufficient heat to both melt and vaporize the propellant is applied to 
the reservoir, and gas is directly delivered to the discharge chamber. This method was used in the earlier 
Russian bismuth thruster with anode layer (TAL) program.1 The main appeal of this approach is its sim-
plicity. The primary drawbacks are as follows: (1) The necessity of heating a large volume of metal to 
high temperature T > TB (boiling temperature) and the potential for condensation in the line between the 
reservoir and thruster, (2) lack of instantaneous control due to large thermal inertia, and (3) ambiguity in 
the instantaneous mass flow rate measurement. (No suitable flow meter exists for measuring high-tem-
perature metallic gas flow rates.)

	 A second approach involves the addition of two components to the feed system—a liquid pump 
and a vaporizer. This configuration isolates the high-temperature components associated with vaporiza-
tion to a small region immediately adjacent to the thruster, thus reducing the total high-temperature sur-
face area (and concomitant radiative heat losses). The relatively cool liquid propellant T > TM (melting 
temperature) can be pumped to the high-temperature vaporizer by one of several possible methods; e.g., 
gas pressurization, mechanical piston, or electromagnetic pump.3

	 The functionality of the second approach is further enhanced by the addition of an in-line liquid 
flow sensor, as illustrated in figure 1. In addition to providing a real-time mass flow rate measurement, 
the flow sensor can also be used to provide flow rate feedback to the pump component, thus enabling the 
implementation of a true control system and precision, real-time flow control.
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	 A preliminary analysis allowed for the identification of the following additional bismuth-specific 
challenges associated with the development of the propellant management system:

•	 The high density of bismuth (O(104) kg/m3) and low propellant mass flow rate (O(10–6–10–5) kg/s) 
results in a very low volume flow rate (O(10–10–10–9) m3/s) that is challenging to continuously moni-
tor using in-line flow sensors. The high density of the propellant also causes gravitational influences  
on the feed line pressure, as the propellant level in the tank recedes during testing, which must be 
compensated for by varying the pumping pressure.

•	 The high melting temperature of bismuth (≈275 °C) makes it difficult to employ many off-the-shelf 
components; e.g., valves and electronics. Consequently, many of the feed system components require 
custom design and fabrication.

•	 The relatively low volumetric flow rate of bismuth makes it nearly impossible to measure the flow rate 
electromagnetically, as was previously done for lithium.4 Flow sensing elements that are in direct con-
tact with the flow must be electrically insulated, but the high temperature of molten bismuth precludes 
the use of some of the most attractive insulators. 

•	 The feed system and any electrical connections must be shielded from condensing bismuth vapor from 
the thruster exhaust as this can electrically short some of the feed system components, rendering them 
inoperable.
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2.  LITERATURE REVIEW

	 Since the 1960s, there have been many different electric propulsion (EP) applications in which 
a liquid metal has been used as the propellant source. In these various applications, the propellant is 
typically delivered in liquid form, either to a vaporizer operating at elevated temperature (temperature- 
controlled atomization) or to a vaporizer occupying a region possessing a high electric field (field 
ionization-controlled atomization). The following is a brief review of the different techniques that have 
been employed to feed liquid metals from their reservoirs to vaporizers in electric thrusters.

2.1  Passive Propellant Feeding

	 Liquid metal propellants can be controlled passively using surface tension and the capillary 
forces that naturally arise. For any wetting propellant, the capillary forces act to move the liquid metal 
into channels with smaller cross-sectional areas. A system of this type can be advantageous since it has 
no moving parts. In addition, there are no components in the system that preclude it from operation at 
elevated temperatures. The maximum liquid (capillary) flow and pressure head at the vaporizer are fixed 
in this type of system. For simple geometries, these flow parameters can be computed based upon the 
propellant feed system geometry and the surface tension properties of the given liquid.5

	 Surface tension-driven systems have been used quite extensively in EP. Cesium ion thrusters 
appear to have been the first to employ this type of propellant management system for a liquid metal.6–8 
Ion thrusters employing individual capillary channels and porous tungsten ‘sponges’ to ‘wick’ the pro-
pellant from a reservoir and transfer it to the vaporizer have both been operated. More recently, capillary 
forces have been used for propellant management in cesium9 and indium10 field emission electric pro-
pulsion (FEEP) systems.

2.2  Active Control

	 Variable, externally applied forces can be applied to liquid metals using a number of different 
techniques to exercise active control over the propellant flow rate and/or pressure force exerted by the 
liquid metal vaporizer plug. In EP devices, active propellant management has been accomplished using 
the following:

•	Elastic diaphragms.
•	Metallic bellows or pistons.
•	Electromagnetic pumps.
•	Direct propellant vaporization.

	 Elastic diaphragms separate the propellant reservoir into two sections—one containing the liquid 
metal propellant and the other initially evacuated or at low pressure. A variable and controllable force 
is exerted upon the propellant by increasing the gas pressure in the initially evacuated section. The gas 
pressure may be increased by using a pressure-regulated gas supply or by using heat to vaporize and 
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expand a substance that is initially solid or liquid, such as carbon dioxide or freon. In either case, the 
pressure increases and propellant is displaced from the reservoir and pushed into the feed lines toward 
the thruster. This technique works well for propellants like mercury where the temperature levels in  
the reservoir are not too high. However, the diaphragm can melt if this technique is attempted for  
a propellant with a high melting point like bismuth or lithium. 

	 Conceptually, metallic bellows and pistons operate in much the same way as the elastic dia-
phragms. The bellows form a propellant reservoir that decreases in size as the bellows are contracted.  
This contraction forces the propellant out of the reservoir and toward the thruster. Pistons are driven 
using electric motors and simply contract the space by advancing into the propellant tank. These 
approaches work for high-temperature liquid metal propellants, but there is a mass associated with  
the use of motors. Also, the reservoir volume change occurs in a series of ‘steps’ instead of a smooth, 
continuous transition.

	 Electromagnetic (EM) pumps exploit the fact that liquid metals are conducting fluids capable  
of carrying current. By orienting an applied magnetic field perpendicular to a current passing through  
the liquid metal, a j × B Lorentz body force is exerted on the fluid. This can have the effect of either 
accelerating the propellant as it passes through the EM pump or increasing the pressure head the fluid 
exerts at the thruster vaporizer. Electromagnetic pumps can operate at elevated temperatures, but tem-
perature limits can be reached, especially if the applied magnetic field is produced using permanent 
magnets.

	 Finally, propellant can be vaporized in the reservoir and then allowed to migrate toward the 
thruster. This method is simple and robust, owing to the lack of mechanical components in the system.  
It is considered active in that there can be no propellant mass flow without the external application of 
heat. However, this technique does not offer a high degree of controllability in the mass flow rate and 
is not readily amenable to mass flow rate measurements. This makes it difficult to accurately compute 
thruster performance.

	 Elastic diaphragms appear in the EP literature in conjunction with mercury ion engines.11–13 
Unlike in the cesium ion engines previously discussed, mercury is a nonwetting fluid. Consequently,  
it must be actively forced out of the propellant reservoir toward the thruster. 

	 Propellant management systems using metallic bellows or pistons typically appear in the litera-
ture for thrusters operating on liquid lithium. The bellows system was employed during the 1960s on  
a magnetoplasmadynamic (MPD) arcjet.14,15 More recently, a piston-controlled lithium feed system has 
been operated in conjunction with a Lorentz force accelerator.16,17

	 Electromagnetic pumps have not been operated in a thruster as the primary propellant feeding 
mechanism. They have, however, been used in conjunction with elastic diaphragm systems in mercury 
ion engines.11–13 In these systems, the EM pump acted as a mechanism to provide fine adjustment of 
the mercury pressure head at the vaporizer. One such pump12 produced a pressure differential of 0.6 atm 
when operating at a current level of 20 A.

	 In recent thruster experiments, the direct vaporization technique has been used to feed propellant 
from a propellant reservoir to a thrust chamber. This feed technique was employed on a bismuth-fed, 
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TAL-type Hall thruster.1 More recently, a lithium Lorentz force accelerator employed an open-ended 
heat pipe design to vaporize and directly feed gaseous propellant to the thruster.18

2.3  Current State of the Art

	 Several of the liquid metal feed systems previously described have reached an advanced state  
of readiness. Capillary-fed cesium ion thrusters and FEEP systems have either achieved flight-ready  
status or have successfully flown in space. Also, mercury ion engines employing elastic diaphragms 
have flown on such missions as SERT 1 and 2. Unfortunately, the nonwetting characteristics of liquid 
bismuth preclude us from using the capillary feed mechanism while bismuth’s high melting point  
eliminates the possibility of using an elastic diaphragm.

	 The piston-driven propellant management system16,17 currently represents the state of the art  
for controlling a hot liquid metal propellant like bismuth or lithium (fig. 2). Propellant mass flow rate 
can be measured by computing the propellant tank volume that the piston sweeps out over a given time. 
This technology is still at the research level of readiness.

Freezing Valves

Freezing
Valves

Lithium Flow

To Thruster Cathode

(a) (b)

Motor/Actuator Motor/Actuator

Cylinder
Argon Feed Line

Heaters

Reservoir

Reservoir

Piston-Cylinder

Cooling Loop

Cooling Loop

Lithium Chamber

Figure 2.  Princeton piston-driven lithium feed system: (a) Schematic and (b) photograph (from ref. 16).

	 Electromagnetic pump technology11–13 may also be considered at or near the current state of  
the art. This technology has the advantage of possessing no moving parts. In the thruster application,  
the technology readiness level is slightly below the piston-driven system as EM pumps have not been 
used as the primary control component in a propellant management system and have not been used  
in conjunction with high-temperature liquid metal flows on the small scale being considered for the 
VHITAL research project. They have, however, flown in space as the primary flow control component 
for the much higher flow rate SNAP 10A nuclear reactor.19
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3.  VERY HIGH SPECIFIC IMPULSE THRUSTER WITH ANODE LAYER PROPELLANT 
	 MANAGEMENT SYSTEM

	 The VHITAL propellant management system consists of two separate subsystems: 

	 (1)  The feed system encompasses the components that are located in near proximity to the 
thruster. These are the components that are designed to operate in a vacuum chamber; many are in direct 
physical contact with liquid bismuth. 

	 (2)  The control system is remotely located, containing a computer control interface, specialized 
circuitry for flow sensor operation, and power supplies for actuation of the feed system components.

3.1  Feed System Hardware

	 Two separate feed systems were developed for the VHITAL project. These were both designed  
to tackle the difficulties listed in section 1.2. 

	 The first was a simple gas pressure-driven system (fig. 3) that was constructed primarily using 
off-the-shelf components to enable immediate experimental testing of bismuth vaporizers at NASA’s Jet 
Propulsion Laboratory (JPL). This system operates by first heating a bismuth reservoir to a temperature 
above the melting point of bismuth. Argon gas pressure is then introduced into the reservoir to force  
the bismuth through a feed tube toward the vaporizer. The pressure-driven system is subsumed in the 
second, more complex system, and will only be discussed in passing throughout the rest of this TM.

(a) (b)

Gas Inlet

Reservoir

Thermocouple
Connectors

Heater
Connectors

Reservoir

Figure 3.  Photographs of VHITAL pressure-driven reservoir assembly: (a) With heat shield panels 
	 and (b) with two of the heat shield panels removed.

	 The second system includes more components than the first system and operates in the follow-
ing manner. A propellant reservoir containing solid bismuth is heated until its temperature is above 
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bismuth’s melting temperature. The liquid bismuth can be made to move using a combination of two 
different techniques. The application of gas pressure to the reservoir forces molten bismuth through 
the system. The second method, which exploits the fact that bismuth is an electrically conducting fluid, 
employs an EM pump that is integrated into the propellant feed line downstream of the reservoir.  
An in-line flow sensor capable of making real-time measurements completes the propellant feed system.  
The entire system is shown in figure 4. Each of these four major components is discussed in greater 
detail in sections 3.1.1 through 3.1.4.

(a) (b)

Gas
Pressure

Gas
Pressure

Heat
Shield

To 
Vaporizer

To 
Vaporizer

Reservoir

Slot for Cartridge Heater

Heater Bracket
Flow Sensor

Reservoir

EM Pump

Bismuth
Flow
Bismuth
Flow

Figure 4.  Assembled bismuth propellant feed system: (a) Without heat shield cover 
	 and (b) with heat shield cover installed.

3.1.1  Propellant Reservoir

	 The reservoir is designed to allow for the storage and melting of high-purity bismuth. It is fabri-
cated from 316L stainless steel and has a removable lid for loading bismuth. An inlet tube welded into 
the body allows for gas pressurization that forces liquid bismuth out of the reservoir through an outlet 
tube. Two 3-in-long, ¼-in-diameter Watlow cartridge heaters are operated between 45 and 80 W total 
input power to heat the reservoir. Copper plates bolted to the steel structure are employed to uniformly 
distribute heat to the reservoir. The reservoir lid was initially sealed using a conflat (CF) copper gasket 
flange in the pressure-driven system. In the second system, a Parker metal C-ring was employed to seal 
the reservoir. However, over the course of several thermal cycles, it was found that both the CF flange 
and the C-ring seal lost their effectiveness. The C-ring especially lost its elasticity during testing. The 
final system employed Grafoil to form a seal between the reservoir and the lid.

3.1.2  Gas Pressurization System

	 The gas pressurization system (fig. 5) is designed to provide gas pressurization to the reservoir 
within the (continuously adjustable) range of zero to 200 torr. The system is designed to operate inside  
a vacuum chamber, allowing for ease of integration with other thruster subsystems. 
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Figure 5.  Gas pressurization system: (a) Photograph and (b) schematic representation.

	 The pressure vessel (PV) is a 0.7-L, fiber-wound cylinder rated to 4,500 psi. The hand-operated 
regulator, which reduces the high pressure in the reservoir to the lower pressure required for the elec-
tropneumatic regulator (EPR) actually limits the pressure rating of the system to roughly 200 psi. The 
hand-operated regulator is designed for “low-bleed” applications where the volume flow rate is expected 
to be small, as is the case in the VHITAL reservoir. Two solenoid-operated valves (SOV1 and SOV2) are 
used to isolate the propellant reservoir from the gas pressurization system and vent the pressurized lines 
directly to vacuum. The hand-operated valve—a Swagelok ball valve—connects the ‘fill’ port on the 
front panel to the PV. It is used to allow repeated pressurization (filling) of the PV.

	 The Marsh-Bellofram EPR is the heart of the gas pressurization system, using a ‘bang-bang’ 
arrangement of solenoid valves. The propellant reservoir pressure is set to the desired value by alter-
nately opening and closing the high pressure and vacuum valves. An onboard control system uses a 
feedback signal from an onboard pressure transducer to determine the proper sequencing of the SOV 
open/close operations. External control is maintained using a zero to 10 Vdc signal that allows for  
continuous, remote adjustment of the reservoir gas pressure.

3.1.3  Electromagnetic Pump

	 An EM pump is incorporated in the VHITAL propellant feed system to provide an additional 
level of flow control. For a dc conduction pump with a magnetic field (B) and a total current (I), it can 
easily be shown20 that the pressure change induced in a conducting fluid is equal to 

	 DP I B
s= ,

	 (1)

where s is the channel dimension along the applied magnetic field. Observe that the pump pressure 
change is only a function of the total current, total magnetic field strength, and channel height. For a 
fixed pump design employing permanent magnets, control is exercised by adjusting the pump current.  
In practice, the maximum value of B/s that can be achieved is O(10) T/cm.
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	 A glass-mica ceramic (also known as Macor) was used in the construction of the main body  
of the EM pump because it is stable and nonreactive with liquid bismuth near 300 °C. It is also inexpen-
sive and easily machinable compared to other ceramics. The ease of fabrication afforded by the  
use of Macor versus, for example, aluminum nitride allowed for the pursuit of an aggressive design  
for the EM pump. Samarium cobalt magnets are employed, with a magnet separation of 2.9 mm and  
a channel height (s) of 2 mm. This results in an on-axis magnetic field strength (B) of 0.64 T and gives  
B/s = 3.2 T/cm.

	 The major components of the bismuth EM pump are shown in figure 6. The CAD model is 
included to show a sectioned view that reveals the inner construction. The materials used to fabricate  
the pump are: Macor (pump body), iron (magnet yoke), 316L stainless steel (end caps and feed lines), 
Inconel (electrodes), and samarium cobalt (magnets).  The electrodes are bonded to the Macor body 
using high-temperature epoxy and the feed lines are welded to the end caps. 

Swagelok
Connector

Pump Body 
(Sectioned)

Magnet
Yoke Magnet

Yoke

Magnet
Electrode

Electrode

C-Ring Seal

(a) (b)

Figure 6.  Electromagnetic pump: (a) Photograph and (b) CAD drawing of interior.

3.1.4  Flow Sensor

	 A new type of flow sensor—the hot spot flow sensor—was developed as part of this effort. The 
principle of operation of the device is illustrated in figure 7(a). A pulse of thermal energy (derived from  
a current pulse and associated joule heating) is applied near the inlet of the sensor. The flow is tagged 
with a thermal feature that is convected downstream by the flowing liquid metal. A downstream thermo-
couple records a ripple in the local temperature associated with the passing hot spot in the propellant.  
By measuring the time between the upstream generation and downstream detection of the thermal 
feature, the flow speed can be calculated using a time-of-flight analysis. This sequence of events is 
illustrated in figure 7(b). The spatial temperature distributions at two different times, t0 and t1, are con-
ceptually illustrated. At time t0, current is pulsed through the liquid and the temperature at the heating 
location locally spikes; the temperature at the thermocouple location remains at the constant, equilibrium 
value. At some later time t1, the thermal feature that was created at time t0 reaches the thermocouple and 
a spike in the temperature profile is observed. This spike will be somewhat smaller in peak temperature 
and broader in spatial extent because the thermal feature will diffuse as it is convected downstream.
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Figure 7.  Hot spot flow sensor: (a) Schematic illustrating the principle of operation and (b) illustration 
	 of the temporal evolution of the temperature distribution in the flow sensor.

	 The primary advantage of this technique is that it does not depend on an absolute measure-
ment of temperature but, instead, relies on the observation of thermal features. This makes the tech-
nique insensitive to other externally generated, low-frequency thermal fluctuations. The hot spot in the 
upstream flow is generated by pulsing current directly through the liquid metal; doing so exploits the 
intrinsic resistivity of the fluid and obviates the need for a separate resistive heating element. In order  
for the hot spot flow sensor to provide useful results, the spatial integrity of the hot spot must be main-
tained until it reaches the thermocouple location. The hot spot will tend to flatten out as it propagates, 
due to thermal diffusion. Therefore, the device must be designed such that the thermal diffusion time-
scale is much larger than the convective timescale.

	 The energy required to locally elevate the temperature to a given value above the inlet tem-
perature can be estimated if the resistive heating is assumed to occur instantaneously at time t0. A tem-
perature change of O(1) °C is readily measurable. Since the peak temperature will decay as the thermal 
feature propagates, the flow should initially be heated to O(10) °C to ensure that the feature can be 
detected downstream. If the flow channel is O(1) mm diameter, and the axial extent of the heated region 
is assumed as O(1) mm, the energy input required to locally raise the temperature O(10) °C is O(10) mJ. 
In practice, the energy required to create the hot spot is much greater due to resistive losses in the exter-
nal current pulse circuit. The electrical resistance of the hot spot is small because the flow sensor chan-
nel diameter is small (O(1) mΩ in the case of bismuth). Consequently, external circuit series resistance 
losses dominate the system, making it impossible to determine the actual energy requirement without  
a complete description of the external circuit. The current level required to generate the hot spot can be 
estimated assuming resistive heating of the flow and a flat-top current pulse:

	 I E
R t= ( )D

1 2/
,
	 (2)
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where I is the current, E is the energy required to locally heat the flow 10 °C, and ∆t is the pulse dura-
tion. Using the characteristic order of magnitude estimates given above, and assuming a pulse width of 
O(100) µs, the required current level is O(100) A, which is easily accessible using capacitively stored 
energy and standard solid state switches.

	 The spatial integrity of the hot spot must be maintained as it propagates between the heating and 
sensing locations so that the time of flight between the two locations can be accurately determined. This 
implies that the convection timescale should be small compared to the diffusion timescale. The convec-
tion timescale is the ratio of the characteristic device length (distance between the heating location and 
sensing location (L)) to the characteristic flow speed (u):

	 τc L
u= .

	 (3)

	 The diffusion timescale is governed by the material properties (the thermal diffusivity (α)) and 
the characteristic length of a temperature gradient which, in the present case, is the characteristic device 
length (L):

	 τ αd L=
2

.
	 (4)

	 Consequently, to ensure integrity of the hot spot at the sense location, the device must be  
constructed such that

	 τ
τ

αc
d L u= < 1 .

	 (5)

	 Typical device dimensions are O(1) cm, so the channel diameter must be sized to assure that  
the flow speed is sufficient to make τc/τd < 1. Also, it is clear that the device will work best with low  
α liquids, such as bismuth.

	 As with the pump, the flow sensor is constructed around a Macor central body (fig. 8). The fluid 
connectors at the ends of the sensor and the heating electrodes are fabricated from 316L stainless steel. 
The downstream temperature measurement is acquired using a 0.002-in-diameter butt-welded type E 
thermocouple that penetrates the Macor body, with ≈1-cm axial separation from the heating location. 
The electrodes and thermocouples are bonded to the Macor body using a high-temperature epoxy. The 
flow channel has a diameter of 0.022 in, which results in a bismuth flow speed of ≈0.5 cm/s at a mass 
flow rate of ≈10 mg/s.
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Figure 8.  Assembled hot spot flow sensor assembly: (a) Photograph and (b) CAD drawing.

3.1.5  Component Connections

	 The components comprising the VHITAL feed system are connected using Swagelok VCR fit-
ings. Since bismuth appears to attack or alloy with copper and nickel, all the VCR fittings that are 
exposed to molten bismuth are sealed using unplated stainless steel gaskets. In addition, the tubing car-
rying bismuth is all composed of 316L stainless steel to resist corrosion. Finally, the connections at the 
EM pump and flow sensor Macor-stainless steel interfaces are compression sealed using Parker unplated 
Inconel C-rings.

3.1.6  Additional Heating

	 Additional heat is added to the system at the ends of the flow sensor (fig. 4) and the EM pump 
(not shown in the figure). At the ends of each component, a copper heater bracket is clamped onto the 
stainless steel endcaps that compress the metal C-ring seal. Heating the ends of the ceramic components 
in this manner helps ensure that the molten bismuth will not freeze once it reaches the pump or flow sen-
sor. One small Watlow cartridge heater (1 in long, 1/8 in diameter) is used in each heater bracket (four 
total), and the heaters are all electrically connected in parallel with the power supply.

3.1.7  Thermal Isolation

	 The entire system containing liquid bismuth is thermally isolated from its surroundings for two 
reasons:  (1) To help protect any surrounding equipment that may not be able to withstand the elevated 
temperatures and (2) to maintain a heightened temperature throughout the system, which will help keep 
bismuth liquid. The reservoir sits on four ¼-in Macor posts, which lift it off the base plate, also con-
structed of Macor, and provide little in the way of a thermal conduction path. The gas pressurization  
system is connected to the reservoir through a thermal isolator, also constructed of Macor, and shown  
in figure 4 just below the flow sensor. The tubing is wrapped in aluminum foil to help reflect any radi-
ated heat back into the system, and the entire system is enclosed in an aluminum box, which serves the 
same purpose.
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3.2  Control System

	 The VHITAL propellant management control system must not only control all the components 
described in the previous section but must also perform all the data sampling tasks required during oper-
ation of the feed system. Tasks include operation, adjustment, and switching of the various power sup-
plies connected to the experiment, monitoring of any analog voltages generated by components in the 
system, operation of the hot spot flow sensor circuitry, and performance of temperature measurements to 
monitor the overall state of the feed system. This last task is made more difficult by the need to sample 
the flow sensor thermocouple temperature as quickly as possible to achieve an accurate measure of the 
flow rate.

	 The electronics suite developed for the VHITAL feed system (fig. 9) is centered on a National 
Instruments’ compact reconfigurable input/output (cRIO) real-time embedded control system. This 
system performs all communications and data sampling required for feed system operation. The entire 
system has been tested in conjunction with the feed system hardware, performing within the expected 
parameters.

Adjustable-Output Power Supplies

Hot Spot Pulse 
Circuit

cRIO System Fixed-Output
Power Supplies

Adjustable-Output Power Supplies

Hot Spot Pulse 
Circuit

cRIO System Fixed-Output
Power Supplies

Figure 9.  Control system electronics suite for the VHITAL feed system.

3.2.1  System Architecture

	 In general, the embedded control system can be operated as either a stand-alone system or  
in conjunction with an external computer. The latter mode of operation is the one implemented in the 
VHITAL system. In this mode, the embedded controller is passive and receives all commands from the 
external computer, in this case, connected using a fiber optic network converter for electrical isolation. 
The controller executes all the commands it receives and simultaneously monitors the feed system using 
if/else logic to prevent hardware damage. A schematic showing the top-level control system architecture 
and the flow of command and data signals between the various components is shown in figure 10.
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Figure 10.  Control system architecture and data flow (from ni.com).

	 The user interface was designed in LabVIEW™ (National Instruments) and is used both to issue 
commands to the embedded controller and to display data from the control and data acquisition systems 
in real time. In principle, any standard computer with networking capability can operate as the user 
interface machine. The embedded controller hardware combines small format PC capabilities with  
a fast field programmable gate array (FPGA). The cRIO system is designed for rapid prototyping and 
fast signal conditioning operation using the FPGA clock for data acquisition. This system was selected 
for the VHITAL application because of the compact size of the cRIO unit. The particular I/O modules 
used were:

•	NI cRIO-9002: Real-time controller with 32 MB DRAM, 64 MB compact flash.
•	NI cRIO-9201: 8-channel, ±10 V, 500 kS/s, 12-bit analog input module.
•	NI cRIO-9481: 4-channel, sourcing digital output single-pole, single-throw relay module.
•	NI cRIO-9472: 8-channel, 24 V logic, 100 µs, sourcing digital output module.
•	NI cRIO-9211: 4-channel, 14 sample/s, 24-bit, ±80 mV thermocouple input module.

3.2.2  Power Supplies

	 The control system uses two separate power subsystems. A Vicor dual output ac/dc converter  
is used to provide power to the electronics. These include the cRIO module, optical network converter, 
and cooling fan. In addition, this supply is switched using the cRIO-9481 module to energize the sole-
noid valves SOV1 and SOV2 in the gas pressurization system. Five variable Lambda ZUP output power 
supplies are used to provide adjustable power to the feed system. These supplies were selected because 
they have a small form factor, are easily packaged into a cluster, and can be controlled through a serial 
connection. The supplies are interconnected and adjusted by the real-time controller using the RS-485 
communication protocol. The supplies monitor their current and voltage outputs and send these data 
back to the controller using the same communications protocol. The following is a list of the specifica-
tions and primary function of each power supply: 

•	Magnetic pump: 6 V/66 A (≈5 W).
•	Component cartridge heaters: 80 V/2.5 A (10–45 W).
•	Reservoir cartridge heaters: 120 V/3.6 A (45–80 W).
•	Flow sensor capacitor charge: 120 V/1.8 A.
•	Gas pressure regulator control signal: 10 V/20 A (up to 0.2 W).
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3.2.3  Flow Sensor Pulse Circuitry

	 The hot spot pulse circuitry is designed to store energy in capacitors and then release that energy 
in a fast pulse to thermally tag the liquid bismuth flowing between the electrodes in the flow sensor 
through ohmic heating. Measurements of the temperature in the flow are obtained using a thermocouple 
connected to the cRIO-9211 module. The flow rate is calculated by taking the time difference between 
the initiation of the heating pulse and the detection of the temperature ‘peak’ as it is convected down-
stream. 

	 In the pulse circuit shown in figure 11, a silicon-controlled rectifier (SCR) (type C150 in the 
schematic) is used to switch the energy from the capacitor bank (1.88 mF total capacitance) into the flow 
sensor. The SCR is optically isolated from the control system through an optocoupler (type LL014N  
in the schematic), thus minimizing the risk of exposing high current to the controller. The embedded 
controller initiates a current pulse by triggering the SCR gate through the optocoupler. To stop current 
from flowing, the charge power supply is commanded to output zero volts. This drops the leakage cur-
rent below the ‘keep-alive’ threshold of the SCR, allowing the solid state switch to open. While this 
active shutdown provides total isolation between the charge circuit and the real-time controller, it is  
also a relatively slow process.
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Figure 11.  Schematic for the hot spot pulse circuitry. The flow sensor is denoted as R_Load 
	 and capacitors C1–C4 have a capacitance of 470 mF.

3.3  Operation

	 The first step in operation of the system is to melt the solid bismuth in the reservoir. This is 
accomplished by adding heat using the reservoir cartridge heaters. Typically, anywhere from 45 to 80 W 
can be used, depending on the desired rate of heating. It has been found that bismuth tends to flow more 
easily at reservoir temperatures in the 350 °C range. This temperature measurement is obtained from  
a thermocouple mounted on the outer bottom side of the reservoir. 
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	 The heaters attached to the EM pump and flow sensor endcaps are typically activated at the same 
time the reservoir is being heated. These heaters are operated from 10 to 45 W, and serve to bring the 
temperature of the components to between 300 and 325 °C. The temperature measurements for the pump 
and flow sensor are taken on the heated endcaps located on the downstream end of the components,  
so the temperatures inside the ceramic components are most certainly cooler than the thermocouples 
indicate.

	 Once the system reaches its operating temperature, gas pressure is introduced into the reservoir 
to force bismuth into the rest of the system. Pressure levels from 40 to 60 torr have typically proven 
adequate to force the bismuth up and into the pump and flow sensor. If testing is halted for some reason, 
the pressure is reset to zero torr so that the bismuth in the lines will resettle back into the reservoir.

	 When bismuth reaches the EM pump and fills the gap between the two electrodes, current may 
be driven to increase the pressure head in the fluid. The flow sensor can be operated when bismuth fills 
the gap between the electrodes. The current pulse resistively heats the fluid, and the thermal feature  
is detected downstream by a thermocouple inserted into the flow. The current is switched using an  
SCR and the amount of heating can be adjusted by changing the charge voltage applied to the pulse 
capacitors.

	 The system is shut down by first halting operation of both the flow sensor and EM pump and 
then venting the reservoir to vacuum. This should help bismuth recede back into the reservoir, mak-
ing it easier to heat the system in subsequent tests. Finally, the heaters are turned off and the system is 
allowed to cool. To keep from oxidizing the tubing and bismuth propellant, it is essential that the system 
is allowed to cool below 100 °C before exposing it to air at atmospheric pressure.

3.4  Graphical Interface

	 The LabVIEW graphical interface developed to operate the feed system is pictured in figure 12. 
It is used to control the EPR output pressure, activate the solenoid-operated valves, adjust the heater 
power input to the reservoir and bismuth feed line, set the value of current passing through the EM 
pump, and select the length of the data sample acquired when the hot spot sensor is triggered. The inter-
face also displays the status of these individual components as the system is operated. This includes 
showing the temperature as measured by several thermocouples throughout the system and displaying 
the pressure output measured by the EPR’s onboard pressure transducer. Most importantly, though, is 
that the temperature data set acquired when the hot spot sensor has been pulsed is displayed in graphical 
form, allowing for the user to determine in real time if the sensor is operating properly.
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Figure 12.  LabVIEW graphical interface used to control the bismuth propellant feed system.
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4.  SYSTEM AND COMPONENT PERFORMANCE

	 The entire system was tested at JPL in conjunction with a propellant vaporizer. Once primed,  
the pump operated successfully and current pulses were driven between the electrodes in the hot spot 
sensor. The flow sensing concept has been validated by acquiring hot spot flow sensor data using hot 
(>300 °C), flowing bismuth. To date, limited data have been acquired: additional development testing 
will be required to verify that the system can produce repeatable results. Postinspection of the pump  
and flow sensor revealed no cracking of the Macor components. Tests that quantified the performance  
of the gas pressurization system, EM pump, and flow sensor are detailed below.

4.1  Gas Pressurization System

	 The gas pressurization system was calibrated to determine the functional relationship between 
the command voltage and the outlet pressure. In addition, the output voltage (feedback signal from the 
EPR) was correlated with measured outlet pressure to allow for in situ pressure monitoring. 

	 Calibration was accomplished by first pressurizing the PV to 150 psi with argon. The system was 
then placed in a vacuum chamber, and evacuated to ≈10–5 torr. The outlet pressure from the gas pressur-
ization system was monitored using a Baratron capacitance manometer.

	 Two calibration curves are shown in figure 13. Figure 13(a) shows the measured outlet pressure 
resulting from a given input voltage (command signal) and figure 13(b) shows the corresponding output 
voltage from the EPR onboard pressure sensor plotted against the measured outlet pressure. Resulting 
linear curve fits are displayed on the graphs along with the fit coefficients and associated uncertainties.
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Figure 13.  Gas pressure control system calibration data: (a) Command signal voltage versus measured 
	 outlet pressure and (b) measured outlet pressure versus EPR output voltage.
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	 The complete gas-pressurized feed system was tested to verify functionality. Approximately  
100 g of solid, pelletized bismuth was loaded in the reservoir and the entire apparatus was placed  
in a vacuum chamber. The reservoir was heated to ≈350 °C and pressurized to ≈20 torr. Liquid bismuth 
was expelled from the reservoir onto a sheet of stainless steel foil (fig. 14), thus demonstrating function-
ality of the complete gas-pressurized feed system.

Figure 14.  Liquid bismuth expelled onto a stainless steel sheet 
	 by the gas-pressurized feed system.

4.2  Electromagnetic Pump Pressure

	 A test apparatus was constructed to facilitate direct, quantitative measurement of the EM pump 
pressure as a function of applied current. In order to eliminate the difficulties associated with handling 
hot, liquid bismuth, these tests were conducted using a substitute liquid metal—gallium. Since the pres-
sure developed by an EM pump is independent of the particular properties of the liquid (eq. (1)), the 
results of the pressure tests are generally valid for any conducting fluid, including bismuth.

	 The most obvious way to measure the fluid pressure drop across an EM pump is to use the pump 
to displace fluid inside a closed container (of fixed volume) which also contains a cover gas. Displace-
ment of the fluid changes the gas volume inside the container and the concomitant gas pressure change 
can be accurately measured using a gas pressure transducer, allowing for the computation of the induced 
EM pump pressure. Unfortunately, at the low pressure ranges of interest, the pressure drop associated 
with the vertical displacement (against gravity) of a dense fluid can be comparable to the change in gas 
pressure. Typically, an accurate measurement of induced pump pressure can only be obtained by measur-
ing the change in height of the fluid with high precision. To avoid the necessity of measuring both pres-
sure and fluid height, an EM pump pressure measurement scheme using two reservoirs was employed. 
This approach requires simultaneous measurement of gas pressure in the two reservoirs, but eliminates 
the need to measure the fluid column height. 

	 A schematic illustration of the principle of operation of the EM pump pressure measurement 
apparatus is shown in figure 15. The bottoms of two reservoirs are connected by an EM pump. Both  
reservoirs are partially filled with an electrically conducting fluid. The pressure in each (sealed) reservoir
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Figure 15.  Schematic illustrations of EM pump pressure measurement methodology: (a) Schematic 
	 of test apparatus components and (b) notional plot of hypothetical experimental data.

is measured using a pressure transducer. The pressure in the second reservoir can be controlled by open-
ing a valve between reservoir 2 and a high-pressure gas bottle.

	 The progression of events required to measure the EM pump pressure is illustrated by a hypo-
thetical example in figure 15(b). Initially (time t0), the fluid in each reservoir rests at its equilibrium 
position with the initial gas pressure in each reservoir being P10

 and P20
, respectively. At time t1 a fixed, 

steady current is applied to the EM pump and fluid begins to flow from reservoir 1 into reservoir 2.  
As fluid flows out of reservoir 1, the gas volume increases and the pressure decreases, the opposite effect 
occurring in reservoir 2. At some time t2, the system reaches a new equilibrium and fluid flow ceases. 
If at a later time t3, a gas valve is opened to increase the pressure in reservoir 2, the fluid will be forced 
from reservoir 2 back into reservoir 1. At some later time t4, enough fluid will have been forced back 
into reservoir 1 to return its cover gas to its initial pressure (P14

 = P10
), at which point the fluid levels  

in each reservoir will have returned to their initial equilibrium positions. When the fluid column heights 
return to their initial states, the excess pressure in reservoir 2 is solely balanced by the pressure applied 
by the EM pump:

	 DP P P= −2 24 0
.
	 (6)

	 A test apparatus was constructed (fig. 16) to implement the EM pump pressure measurement 
strategy described above. A pressure equalization valve and a vacuum interface (also illustrated in  
fig. 15(a)), were included to provide flexibility in setting the initial test conditions. The pressure equaliz-
ing valve connected the tops of the two reservoirs and allowed the same initial pressure to be established 
in both reservoirs; i.e., P10

 = P20
. The vacuum interface allowed for evacuation of the system to
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Figure 16.  Electromagnetic pump pressure measurement apparatus.

introduction of the cover gas. Argon gas was used for pressurization. Two MKS model 221 differential 
capacitance manometers were used to monitor the pressure in each reservoir. The full range of these 
transducers is 100 torr with a resolution of 10 mtorr. The entire system of valves, heaters, and pressur-
ization system was controlled using a National Instruments PXI system with a LabVIEW interface.

	 Applied current levels ranging from 10 to 30 A were tested. Raw data from a test run are shown 
in figure 17(a). The figure shows a time history of pressure in the two reservoirs like that given sche-
matically in fig. 15(b) for an applied EM pump current of 15 A. As is evident from the figure, the test 
procedure had to be slightly modified from the idealization outlined above. It was observed that the liq-
uid metal had a tendency to ‘stick’ at low flow speeds. Consequently, the pressure in reservoir 1 did not 
return to its initial level in a monotonic manner. It was necessary to alternate between overpressurizing 
and then underpressurizing reservoir 2 to maintain liquid flow. Using this procedure, the pressure in res-
ervoir 1 was made to oscillate about the initial pressure, with progressively decreasing amplitude. The 
smallest differences between the high and low values of the pressure in reservoir 2 were used to estab-
lish the bounds (uncertainty) in the pressure measurement. The pressure developed by the pump is taken 
as the difference between the final and initial pressure levels in reservoir 2 (∆Ppump in fig. 17).

	 The complete data set is shown in figure 17(b). As expected, the data show that the pressure 
developed by the EM pump is linear with current. A linear curve fit is also shown (dashed line), which 
yields the calibration constant a relating the input pump current to the corresponding pump pressure 
produced: P = aI, where a = 334 ± 16 Pa/A for our pump. The systematic uncertainties associated with the 
measurement instruments are small compared to the uncertainty inherent in the measurement procedure, 
and are therefore not included in the uncertainty analysis.
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Figure 17.  Experimental results for pump pressure measurement experiments: (a) Raw data
	 showing pressure transducer output versus time (15A pump current) and (b) EM 
	 pump pressure versus current. (Solid lines are theoretical curves based on eq. (1); 
	 the dashed line represents a linear curve fit of the data.)

	 The measured pump performance can be compared to the theoretical predictions of eq. (1).  
In the bismuth pump, there is some ambiguity in the definition of the channel height (s). The pump 
was constructed by drilling an axial, 2.4-mm hole through which the liquid metal flows. However, the 
electrodes penetrate through the sides of the pump and are somewhat smaller in height (1.6 mm). The 
(unknown) current pattern determines the value of s, but we would expect the effective value of s to be 
somewhere between 1.6 and 2.4 mm in the pump. In figure 17(b), theoretical lines are plotted for each 
of the extreme cases. The measured data show good quantitative agreement, lying roughly midway 
between the two theoretical curves.

	 The data demonstrate that the bismuth EM pump is capable of delivering the required hydrostatic 
pressure (O(103 Pa) for electric propulsion applications. Furthermore, the pump is seen to operate at a 
level consistent with the theoretical maximum performance. This implies that losses associated with 
stray conduction currents are negligible in the present design.
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4.3  Flow Sensor Measurements

	 The flow sensor was operated in conjunction with a propellant vaporizer presently under devel-
opment at JPL.21 The heating pulse current output as a function of time is plotted in figure 18(a). For 
the initial capacitor charge of 15 V, the pulse peaked just under 80 A with a width of roughly 400 µs. 
While the magnitude of this output will change with the initial capacitor voltage, the waveforms will not 
change in shape.

	 Temperature measurements obtained downstream of the location where the heat pulse was intro-
duced are presented in figure 18(b) for hot, flowing bismuth.22 Time is measured from when the current 
pulse is initiated. The data presented indicate a temperature peak passing the thermocouple location ≈4 s 
after the heating pulse. A flow rate of 6 mg/s is estimated based upon the sensor geometry, fluid density, 
and hot spot time of flight. The uncertainty in this estimate of ±6% is based on the possible flow rates 
corresponding to the times the leading and trailing edges of the hot spot pass the thermocouple. Consis-
tent launch and detection of such thermal features during testing was not achieved. While this test dem-
onstrated the principle of operation, additional development work is required to produce an instrument 
that provides consistent, repeatable results.
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5.  PROJECT SUMMARY AND CONCLUSIONS

	 Two bismuth propellant feed systems were developed during the course of the VHITAL project. 
The first was a gas pressure-driven system that did not provide a means to measure the bismuth mass 
flow rate. The pressure-driven system was subsumed in the second system, which also included an EM 
pump and a sensor developed especially to measure the mass flow rate of bismuth. The second system 
also possessed a complete, self-contained electronics package capable of independently operating the 
entire feed system.

	 The following conclusions can be drawn from this work: 

•	The gas pressure-driven system successfully provided liquid bismuth to a propellant vaporizer.  
This system is capable of pressurizing the liquid bismuth over a nearly continuous range from zero  
to 200 torr using off-the-shelf components.

•	High-temperature material compatibility was a driving design requirement for the bismuth EM pump 
and flow sensor. Macor was chosen for the insulating body material to minimize shunt conduction cur-
rent losses. Posttest inspection after exposure to hot, flowing bismuth revealed no degradation in either 
component.

•	The EM pump produced a hydrodynamic pressure in the liquid metal of 10 kPa when operating  
at 30 A. A measure of pump pressure as a function of input current showed good quantitative agree-
ment with the theoretical pump output.

•	The flow sensing technique employed by the hot spot flow sensor was successfully demonstrated using 
hot, flowing bismuth during operation of the full-feed system in conjunction with a propellant vapor-
izer. A flow rate of 6 mg/s with an uncertainty of ± 6% was estimated based on data from the flow 
sensor. The flow rate measurements were not repeatable, possibly due to pressure fluctuations in other 
system components. Additional experiments of the integrated system are required but preliminary 
results are encouraging.

•	A cRIO real-time controller, coupled with a remote computer/user interface through a fiber optic net-
work converter, was used to control all feed system electronics and simultaneously perform all data 
acquisition. A demonstration of the entire system—power supplies, pulse circuit, data acquisition—
demonstrated the ability to control and monitor the feed system using a remote computer interface.
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