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Abstract 

Both mechanical and fountain-effect pumps are being considered for use in 

the in-orbit resupply of superfluid helium to a number of scientific instru-

ment systems. This paper presents a review of the operating characteristics 

of these pumps. Particular emphasis will be given to the different methods of 

evaluating t.he efficiency of these pumps and their effectiveness in a transfer 

system. 

Nomenclature 

C heat capacity 

H enthalpy 

L lat.ent heat 

P pressure 

Q heat flux 

S ent,ropy 

T temperature 

V volume 

W fluid power 

m mass 
. 
m mass flow 

n number of stages 

v velocity 

E efficiency 



n effectiveness 

~ chemical potential 

p = 1/V density 

Subscripts 

o carried to orbit 

p pumped 

r receiver 

s supply 

t transferred and conditioned 

sat saturated 

tot total input 

A lambda line 

~ chemical potential 

o pump inlet (supply tank) 

1,2, ... 1st, 2nd, stage 

Introduction 

The ability to resupply orbiting satellites with superfluid helium would 

extend the useful life of several instrument systems currently being devel

oped. These include the Space Infrared Telescope Facility, the Advanced X-ray 

Astrophysics Facility, Gravity Probe-B, the Superconducting Magnet Facility, 

and the Large Deployable Reflector. Several methods of replenishing orbiting 

satellites with superfluid helium have been considered. 1- 4 The most promising 

approach, which is being developed, is a pumped transfer using either a 

mechanical pump (MP) or a fountain-effect (thermomechanical effect) pump 

(FEP). This paper describes these pumps and discusses their efficiencies. 

Several measures of efficiencies and effectiveness have been used by various 
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authors. 1- 9 The differences will be discussed here. Finally, a method of 

increasing the pressure head of an FEP by using a multistage pump will be 

discussed. 

The basic components of a transfer system are a Dewar supply tank, a 

transfer line, a Dewar receiving tank, and a pump. The pump is mounted inside 

the supply tank. (Descriptions of possible resupply systems 1,3,4,10 and of 

proposed demonstrations on the Space Shuttle2 ,11 are given in the litera

ture. The pump will be required to operate in several modes: 1) the co01-

down of the transfer line prior to transfer; 2) the filling of an already cold 

or partially full tank; and 3) the cool-down and subsequent filling of a warm 

tank. The latter two modes represent the extremes of operation. The filling 

of a cold tank will require flow rates of up to 0.5 m3/h (20 g/s) with a 

pressure head of about 500 Pa. The cooling of a warm tank results in a lower 

flow rate, but the system back pressure will be higher. At present, we esti

mate a flow rate of =0.05 m3/h (2 g/s) at 30 kPa would be necessary to start 

cooling a 150 K tank. Both the MP and the FEP should be able to meet these 

requirements. In the following discussion, the emphasis will be on the second 

mode--filling a cold tank. 

Mechanical pump 

The mechanical pump being considered for this application is a centrif

ugal pump driven by a three-phase induction motor. One of the uncertainties 

involved in using a centrifugal pump in Hell is the effect of the superfluid 

properties on the pump performance. It has been postulated that the lack of 

viscosity in the super fluid component would prevent Hell being pumped. To 

study this postulate, a centrifugal pump (Fig. 1) (which was developed for 

other purposes) has been tested in liquid helium. Early tests of this pump5,6 
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in He! and He!! have shown that He!! can be pumped. Although the actual data 

were limited, these early tests did show that the pump performance was consis

tent with the standard scaling laws for pump performance. This result prob

ably occurred because the velocities within the pump were several orders of 

magnitude greater than the critical velocity. Hence, mutual friction causes 

the super fluid component of the He to be entrained by the normal fluid. The 

entrainment does not suppress the superfluid properties, but causes the dif

ference of the average velocities of the two components to be small. The 

performance data in He! have been scaled8 (Fig. 2) to predict the performance 

with He!!. The peak efficiency (including pump and motor losses) should be 

33% with a 20-kPa head and a 0.8-m3/h flow. This prediction is currently 

being tested. !t should be noted that the impeller of this pump has not been 

optimized for He!! nor for the pressure and flow requirements of this applica

tion. An optimized pump will be built after the scaling laws have been veri

fied. The efficiency of an optimized pump may be a factor of two higher than 

that of the present pump. 12 

Fountain-effect pump 

The superfluid properties of Hell are essential for the operation of 

fountain effect pumps. The behavior of the pumps is well understood whenever 

the internal velocities are near or below the critical velocity.16,17 An FEP 

is a simple device (Fig. 3). It consists of a block (plug) of porous material 

and a heater. A stainless steel porous plug 2.5 cm thick and 7 cm in diameter 

with a porosity of 0.4 and pores of 1.5 ~m is thought to be adequate for 

resupplying liquid helium. 2 Such high flow rates have not yet been demon

strated. Heat that is applied to the downstream side causes the superfluid 

component to flow through the porous plug while the normal fluid component is 
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immobilized by viscosity. If an ideal "superleak" is used as a pump, its 

behavior is governed by 

dP/dT = pS 

and 

(1) 

(2) 

These are the thermomechanical and mechanocaloric effects, respectively. 

Equation (1) states that the process occurs at a constant chemical poten

tial. Equation (2) shows the result of the superfluid component carrying no 

entropy. In an actual pump, the terms representing the thermoconductivity 

(normal fluid leakage) through the plug and forced convection of heat away 

from the heater must be added to the right side of (2). Above the critical 

velocity, these equations must be further modified 15 to account for mutual 

friction. In the proposed application, the pump will be selected to keep the 

veloc:i.ties within the pump subcritical and to keep the other losses small so 

that (1) and (2) provide a good description of the pump's performance (as 

shown in Fig" 4). The deviation at sizable temperature differences from the 

constant chemical-potential curve is the result of mutual friction. As the 

pump depends on the super fluid properties, the temperatures must be kept below 

the lambda line. Thus the largest pressure that can be generated is indicated 

by thl~ pOint on the lambda line where 

In practice, pressures of up to z50 kPa have been observed. 
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Efficiency 

Several different definitions of efficiency have been used to evaluate 

the performance of helium transfer systems. These include a hydrothermody

namic efficiency of the pump, 1,5,6 a mass-transfer efficiency, 1,2 and an 

efficiency derived from treating the process as a thermodynamic cycle. 7,9 

These three efficiencies will be compared in this section. 

The hydro thermodynamic efficiency, which is the normal efficiency of a 

pump, was the first one that was used. 8 This efficiency is defined by 

€ = W/Qtot (4) 

where W = m[~P/p + (v2 )/2] is the fluid power. To evaluate P and v, a 

control volume is first drawn around the pump. P and v are then evaluated at 

the surface of this control volume. Since we intend to have the pump mounted 

in the supply tank, the most convenient location for the control volume is the 

region between the liquid-vapor interface in the supply tank and the outlet 

tube of the pump. In this case, the inlet pressure is equal to the saturated 

vapor pressure and the inlet velocity is negligible. This is the approach 

that has been used in MP testing5 ,6 and in estimating the performance of such 

a pump in superfluid helium. 8 It has also been used to analyze the perfor

mance of an FEP.1 A comparison of this efficiency for the two types of pumps 

is shown in Fig. 5. The curves in this figure for the MP are based on the 

estimated performance of an existing pump.8 The MP curves include the 

effects of motor efficiency.6 To obtain the curves for the FEP, an ideal 

superleak is assumed. (For small temperature differences, 6T, the efficiency 

is € = ~T/T.) None of the expected internal losses 15 has been included. 

Figure 5 shows that the MP is more efficient except at very low flow rates. 
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Interestingly, the efficiency of the FEP is not very dependent on the fluid 

velocity. This is caused partly by omitting the velocity-dependent internal 

losses which would lower the efficiency. 

This type of analysis has been extended7 to include contributions caused 

by thermal conduction along the transfer line back to the pump. Such conduc

tion was found to have only a small effect on the MP, but it could have a 

dramatic effect on the FEP. For small heat fluxes, the MP is more effi

cient. However, for high heat fluxes, the FEP is partially or wholly driven 

by this heat, thereby increasing its efficiency. The efficiency can even 

exceed 1; i.e., the pump is driven by heat conducted back along the transfer 

line with no additional heat being required. Unfortunately, since such a heat 

flux is difficult to control, the FEP also becomes difficult to control. We 

are planning to have such high Reynolds numbers (_106 within the transfer line 

that the heat flux should be small. 18 

While the hydrothermodynamic efficiency is a good means to represent pump 

performance, it is not necessarily the appropriate measure of system perfor

mance. The effect on system performance of the temperature rise within the 

pump is not fully accounted for in the preceding analysis. Ideally, an MP is 

an isentropic device; while an FEP operates at constant chemical potential. 

Thus, for ideal pumps acting on Hell, the temperature of the liquid passing 

through the pump will be decreased by the MP (because dP/dTl s < 0) and 

increased by the FEP (because dP/dTI~ > 0). In actual pumps, inefficiencies 

will eause positive temperature changes for both pumps. The effect on the 

system performance of the heat dissipated within the pump depends on where the 

heat goes. Heat that ends up in the supply tank has a different effect than 

heat that is carried by the fluid to the receiver tank. System performance 
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will also be affected by other losses in the system. Thus, the pump ineffi-

ciency is just one of several losses. 

In the system, another measure of performance is more appropriate. As 

the purpose of the transfer system is to fill the receiver tank, an appropri-

ate measure is transfer effectiveness: 

(5) 

where mt is the mass transferred and conditioned to the desired operating 

temperature and mo is the mass transported to orbit. Because of condition

ing losses (Fig. 6),1 it is more effective to perform the transfer with Hell 

rather than transferring HeI and converting after the transfer. DePirro2 was 

the first to analyze the system losses. He showed that while using an MP may 

produce a more effective transfer, it is not significantly more effective than 

an FEP. For either pump, much of the heat is dissipated in the supply tank 

where some of the liquid is vaporized. For the FEP, -this heat comes from 

thermal conduction through the pump and from the mechanocaloric effect. For 

the MP, this heat comes from the motor losses. The pump losses can also 

contribute if there is a heat exchanger between the pump outlet and the supply 

tank. Otherwise, it heats the transferred fluid, which must be recooled, 

causing conditioning losses in the receiver. Some of the heat that is used to 

drive the FEP is similarly transported to the receiver. By including the 

various parasitiC losses for the pump, tanks, and transfer line, the transfer 

effectiveness of a system can be determined. This has been done for one of 

the proposed space demonstrations. 5 The results are shown in Fig. 7. 

The drawbacks of this type of analysis are that it is very system-

dependent and is difficult to use when evaluating individual components. For 
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individual eomponents, an idealized transfer analysis has been introduced. 9 

Here the mass loss (caused by vaporization) is found for a thermodynamic cycle 

in which thE! fluid is first pressurized and subcooled by the pump. It is then 

transferred to the receiver, where it is returned to its original pressure and 

temperature. This analysis showed that in some situations the FEP will be 

more effecti.ve than the MP. However, the analysis was based on an unproven 

assumption about the properties of HeII at high flow rates in porous media. 

It was assumed that the porous material of the pump does not act as an ideal 

superleak; rather, at flow rates well above the critical velocity, the mutual 

friction causes "local thermodynamic equilibrium" to be established. This in 

turn causes the helium to be transported at constant chemical potential. 

Therefore, the heat needed to drive the fluid through such a supercritical FEP 

is 

Q = i T, 
mC dT 

II T II 
o 

(6) 

Comparing 0ll to the heat required to drive the subcritical FEP (2), we see 

that Q, > 0ll' (Here the terms "subcritical" and "supercritical" refer to the 

flow state within the FEP.) 

The cyclic effectivenesses of various ideal pumps can be compared 

easily. These pumps are the supercritical FEP, the MP, and the subcritical 

FEP. The operating cycles of these pumps are shown in Fig. 8. We will ana-

lyze the situation in which the pumps all produce the same pressure head. The 

cycle for the supercritical FEP is composed of the pressurization at constant 

chemical potential, followed by the isenthalpic flow through the transfer 

line, and finally the return to the starting conditions by evaporative cooling 
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along the saturation curve within the receiver tank. This is shown as path 

A-B-C-A in Fig. 8. The isenthalpic flow in the transfer line assumes that 

changes in the kinetic energy of the flow, the internal losses, and the ther

mal conductivity can all be neglected. 10 The MP follows a similar path, 

except the pressurization is isentropic. The cycle for the MP is shown as 

path A-B'-C'-A in Fig. 8. The subcritical FEP begins with the pressurization 

by the fountain and mechanocaloric effects. This involves the conversion of 

normal fluid into superfluid in the supply tank and the reverse conversion on 

the downstream side of the pump. Once the fluid is pressurized, the process 

is the same as for the other pumps. This is shown as path A-A'-A"-B-C in 

Fig. 8. As the liquid density is nearly constant, each of the pumps will do 

the same Jrd(PV) work. They differ only in the amount of heat, JrT dS, and in 

the amount of mass vaporized. These terms are summarized in Table 1, which 

lists the mass lost per unit of mass pumped. The transfer effectiveness (5) 

is given by 

n = (1 - 6m 1m )(1 + 6m 1m )-1 
r p s p 

where and m = m + ~m . It is clear that mass losses in o p s 

either tank will reduce the effectiveness. However, because of the exponen-

tial nature of ~mr' heat that must be removed from the receiver reduces n 

by more than the same amount of heat being removed from the supply tank. This 

effect is more pronounced if there is a large temperature difference across 

the pump. From this table, it is clear that the MP is the most effective pump 

and that the subcritical FEP is the least effective. 

In addition to the losses that result from ideal pumps, there are losses 

within the pump and within the rest of the transfer system that affect n. 
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The principal losses are listed in Table 2. This table also gives the loca-

tion where most of the mass loss is expected to occur for each mechanism. 

Note the internal pump losses that appear in the receiver column. These 

losses could occur in the supply tank if an appropriate heat exchanger were 

placed between the pump outlet and the supply tank. The inclusion of the 

Table 2 losses in (7) could affect the evaluation ~ the relative merits of 

the different pumps. 

The supercritical FEP has not been experimentally demonstrated and 

appears to be inconsistent with the usual two-fluid model. To expand on the 

last point, consider a system of two FEPs in series (Fig. 9). Heat is applied 

only to the downstream pump. In the region between the pumps, thermal equi-

librium between the superfluid and normal components is established. Assl~ing 

that the pumps are ideal super leaks , it is simple to show from (1) and (2) 

that the outlet pressure and heater power are 

(8) 

and 

(9) 

respectively. These relations are the same as would be expected if only a 

single pump were used. Therefore, the fountain (1) and mechanocaloric (2) 

effects remain valid when "local thermodynamic equilibrium" exists. Also, the 

turbulence required for this supercritical state would result in frictional 
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losses. Such losses are predicted from the two-fluid model 15 and have been 

observed, 14,16 but are not included in (6). In any case, the current 

transfer-system design is based on a pump that will operate at subcritical 

velocities--not in the turbulent regime. Thus, it is the behavior of the 

subcritical FEP that is important for the current application. 

Multistage fountain-effect pumps 

A potential drawback of the FEP is its inability to generate high pres

sures (while this does not appear to be a drawback for a space-based transfer 

system, it could be for other applications). An ideal FEP produces the maxi

mum pressure when the constant chemical potential curve intersects the lambda

line (3). In an actual pump this is reduced by internal losses 14 ,15 as shown 

in Fig. 4. An MP has no such limit; rather, it is limited by the design of 

its impeller. However, it is possible to increase the pressure output of an 

FEP by staging the pumps (as shown diagramatically in Fig. 10(a». The nomen

clature used in this figure is the same as that used in Ref. 17. A vortex 

tube and a heat exchanger is located between the two stages. The vortex tube 

ensures that the flow is locally turbulent, thereby reducing the thermoconduc

tivity between the first stage and the heat exchanger. In analyzing this 

pump, we will make the assumptions that the pumps are ideal superleaks, that 

the heat contributes only to the mechanocaloric effect, that there is no 

pressure drop in the vortex and heat exchanger tubes, and that the heat 

exchanger is 100% effective. It is then easy to show from (1) and (2) that 

the total pressure rise is 
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( 10) 

and the heat input is 

( 11) 

These are the effective fountain and mechanocaloric effects, respectively_ 

The total heat load on the supply tank is 

( 12) 

The first two terms on the right side of (12) are derived from the mechano-

caloric effect on the upstream side of the pumps and the last term represents 

the heat extracted from the flow by the heat exchanger. The net effect of 

staging the pumps is to increase the pressure at the expense of increased 

power consumption. In principle any number of stages can be used to gener'ate 

large pressure differences. A pump consisting of n stages would have 

(n - 1) heat exchangers between the stages. If the output temperature of each 

stage is T1, and the components are ideal, then the pressure dependencies 

of Sand Cp can be neglected, producing for an n-stage system 

13 

(13) 



(14) 

(15) 

The preceding equations (10-15) ignore the effects of losses within the 

pump. A multistage FEP would be expected to have the same loss mechanisms 

that a single-stage FEP has. 15 These losses reduce the pressure head 

(Pn - PO) and increase the heat required (Qtot) to produce a given flow. In 

addition, the multistage FEP performance is affected by the effectivenesses of 

the heat exchangers. Because of the heat-exchanger ineffectiveness, the 

temperature will increase at the inlet of the second and subsequent stages. 

There are four effects at this increase: 1) For the same pressure head for 

each stage (except the first), the outlet temperature will be higher; i.e., 

(13) must be rewritten as: 

where T' o 

= j[T1 pS dT + (n _ 1) j[T1 pS dT 
TO TO 

is heat-exchanger-outlet temperature and TO > TO' 

(16) 

Thus, for a 

given total-pressure head, T1 must be increased. 2) The maximum possible 

pressure (as defined by (3) will be reduced because increasing the inlet 

temperature to T' o decreases ~, which causes 

14 

P to decrease. (This is the 



result of the thermodynamic relation: d~ = -S d'l' + V dP.) 3) Qtot is also 

increased because of the increase in T1. 4) Qs will increase and become 

( 17) 

(Raising T' o increases Q s because the mechanocaloric term increases more 

than the Cp term decreases.) 

Conclusion 

Two different types of pumps are being developed for resupplying liquid 

helium to scientific instruments in orbit. These pumps are the MP and the 

FEP. The operating characteristics of the two pumps are quite different; but 

both appear to meet the operating requirements. The FEP has the advantage of 

simplicity a.nd therefore should be reliable, although the MP has also proven 

reliable in testing to date. Testtng and analysis have shown the MP to be 

more efficient; however, a proposed supercritical operating mode of the FEP 

could make i.t the more efficient pump. Such a pump has not yet been 

demonstrated. 

The effect of pump efficiency on the transfer effectiveness of the entire 

system is not expected to be large. During development testing, a useful 

comparative tool is the cyclic transfer effectiveness. This is the ratio of 

the mass that is transferred and conditioned to the initial mass when the 

transfer is treated as a thermodynamic cycle (starting and finishing at the 

same temperature and pressure). When this ratio is applied to idealized 

pumps, the MP is the most effective, and the simpler, subcritical FEP is the 
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least effective. The relative performance of these pumps will change if 

losses are included. The cyclic transfer effectiveness is a useful tool but 

it may not reflect the effectiveness of a real system. In a real transfer 

system, the temperatures in the supply tank and in the receiver will, in 

general, not be the same and may vary with time. The effects of this variance 

have not been considered. 

The MP has the advantage of being able to generate higher pressures (with 

a suitably designed impeller). For an FEP to generate higher pressures, a 

multistage FEP could be used. Such a pump would allow greater pressures at 

the expense of reduced efficiency. 

This paper has reviewed the state of development of pumps for the orbital 

resupply of liquid helium. The final choice between the different pumps 

cannot be made until their respective transfer effectivenesses are measured in 

space. 
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Table 1 Pump comparison 

----------------------------------------------------------------
Path on Heat 

Pump S-T diagrarna influxb 

---,---------------

supercritical FEP A-B-C-A 

MP A-B'-C'-A o 

C dT 
II 

subcritical FEP A-A'-A"-B-C-A S(TB)TB 

-----------------, 

a - Fig. 8 

Mass lossb 

In receiver 

A 
1 - exp 1 

C 
C tiL dT sa 

In supply 

o 

1 - exp 1A C tiL dT 0 
C' sa 

b - pier unit mass pumped (mp), the limits of integration and subscripts refer 

to the labeled points in Fig. 8 
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Table 2 Other losses 

Pump Loss mechanisma Location of principal mass loss 

motor 

pumping 

thermal conductivity 

(normal fluid flow) 

heater location 

mutual friction 

bothe transfer line 

Dewar parasitics 

Supply 

x 

x 

x 

Receiver 

x 

x 

a - these losses are not necessarily proportional to mass flow 

b - refs. 5,6,7,8,9 

c - assuming no heat exchange between supply tank and pump outlet 

d - refs. 14,15 

e - refs. 2,3,4,10,11 

f - may increase during transfer 
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FigUl'es 

Fig. 1 

Fig. 2 

Cross-sectional view of the mechanical pump being tested. Adapted 

from Ref. (6). 

Predicted performance characteristics of the mechanical pump. 

Adapted from Ref. (8). 

Fig. 3 Representation of an FEP. A heat source on the downstream side of 

the porous plug drives the flow. 

Fig. 4 Representation of the T-P operating characteristics of an FEP. 

Adapted from Ref. (14). 

Fig. 5 Efficiency of an MP (---) and an FEP (------). From Ref. (1). 

Fig. 6 Conversion loss in the receiver as a result of evaporative cooling. 

The curves represent the volume percent lost in cooling from various 

temperatures (labeled on curves to a final tgemperature). From 

Ref. (1). 

Fig. 7 Comparison of transfer effectiveness for an MP 

(--.----) for the system described in Ref. (2). 

---) and an FEP 

Fig. 8 Entropy-temperature diagram showing the idealized cycles for the 

Fig. 9 

supercritical FEP (-.-.- .... -), for the MP ( ), and for the 

subcritical FEP (------). All of the cycles start at A at saturated 

conditions. During the cycles the liquid is taken from the supply 

tank and pressurized (B or B'). It flows into the receiver (C or C' ) 

and is recooled to A. 

Representation of two FEPs operating in series. The pump is acti-

vated by a single heater on the downstream side of the second stage. 

Fig. 10 (a) Representation of a two-stage FEP with an intermediate heat 

exchanger. Each stage has its own heater. (b) Also shown is the 

temperature/pressure operating characteristics of such a pump. 
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