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Abstract: 

The present study is focused on the study of two-phase flow characteristics of LN2 (Liquid Nitrogen) in a superconducting 

solenoid for use in generating thrust in electric propulsion engines. Solenoid magnets are used for thrust generation by the use of 

Lorentz’ Force. Ionised Particles (Plasma) at high velocities are expelled to generate thrust. The process of ionization may even 

employ solenoid magnet. The heat influx would cause vaporization of cryogen largely by radiation from hot concentric cylinder 

confining the plasma. Thus the temperature and pressure inside the solenoid would be regulated by inflow and outflow of LN2 to 

keep the coil in superconducting state.  
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I.  INTRODUCTION 

 

A low-temperature environment is termed a cryogenic 

environment when the temperature range is below the point at 

which permanent gases begin to liquefy. Among others, they 

include oxygen, nitrogen, hydrogen, and helium. The origin of 

cryogenics as a scientific discipline coincided with the 

discovery by nineteenth century scientists, that the permanent 

gases can be liquefied at exceedingly low temperatures. 

Consequently, the term cryogenic applies to temperatures from 

123K( Boiling Pt. of Methane) down to absolute zero. Off 

many applications ranging from Medical, Industrial, 

Aerospace, Defence, etc, the most fascinating phenomena 

finding potential application is Superconductivity. It is the 

phenomena of free flow of current (practically without 

resistance) in some materials when cooled below its transision 

temperature ( Tc). This causes the flow of current without any 

AC losses (i2r). Thus Superconducting materials are used to 

create high magnetic fields in the order of Tesla using 

solenoids. Such Solenoids are used in MRI, NMR, 

Superconducting Computers, High Energy Physics Studies 

Etc. One potential application of superconductivity is in space 

propulsion. 

 

II. ELECTRIC PROPULSION 

 

Chemical Rocket engines and Electric Rocket engines poses 

their own benefits and finds its optimum use in different 

scenarios. Chemical Rockets derive thrust by use of chemical 

reaction between the fuel and the oxidizer.  Electric rockets on 

the other hand derive thrust by use of Electric principles           

(Electrostatic, Electrothermal or Electromagnetic).The most 

widely used force for generating thrust are Electromagnetic 

and Electrostatic. In Chemical rockets the mass flow rate of 

fuel and oxidizer are largely governed to control/derive thrust. 

Whereas in Electric propulsion engines the electrical energy 

input for ionization and acceleration of ionized particles by 

electrical methods is used to derive thrust. The mass flow 

requirements of chemical rockets are high for given time 

whereas in electric rockets the mass flow rate is very less for 

the same given time. The impulse of chemical rocket is thus 

limited (around 450-550 sec) whereas that of electric rockets 

is times higher (at least 1500 sec to derive useful thrust) . The 

thrust of chemical rockets is very high lasting for very short 

time frame and thus used in lower stages of satellite launch. 

Whereas the thrust of electric rockets is very low lasting for 

long durations (for orbit correction and space exploration). 

 

III. LITERATURE SURVEY  

 

 Reid  Shaeffer et  al.[1]  in  their  work – An  

experimental  study  on  liquid nitrogen  pipe  chilldown and  

heat  transfer  with  pulse  flows  concluded  that continuous 

flows with high Reynolds number are generally more efficient 

at transferring heat than other patterns or those of lower 

Reynolds numbers.  

 Jelliffe  Kevin  Jackson[2] ,  in  his  work,- Cryogenic  

two phase  flow  during chill down:  flow  transition  and  

nucleate  boiling  heat  transfer  utilized  the temperature  

history  in  conjunction  with  an  inverse  heat  conduction 

procedure which allows the unsteady heat transfer coefficient 

on the inerior of the pipewall to be extracted . 

 According  to  Hewitt  et  al.[3] ,  the  following  

regimes  can  be  identified: bubbly flow,  plug  flow,  stratified  

flow  (smooth  and  wavy),  slug  flow, pseudo-slug flow  and  

annular  flow. The  role  of  surface  tension  becomes more 

important in smaller diameter channels 

 Triplett et al.  [4] explain  that  due  to  the  

dominance  of  surface  tension, stratified  flow  is  essentially  

absent,  slug  (plug)  and  churn  flow  patterns occur over 

extensive ranges of parameters, and the slip velocity under 

these patterns is small. 

 Stratified flow can exist at very low flow rates, as 

observed by Kasza et al. [5] for a mass flux of 21 kg/m2s. 

They viewed the flow using a high speed video  camera  with  

a  maximum  frame  rate  of  12,000  frames  per  second. 

They observed nucleate boiling on the wall, as  the  individual  

bubbles nucleated and grew on the wall. The bubble growth 

rates were similar to those in pool boiling case when the 

bubbles grew without interacting with the wall or any liquid-

vapor interface. 
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 From the seperated flow model , the frictional 

pressure drop for two phase , two  component  isothermal  

flow  in  horizontal  tubes  was  initially  developed by 

Lockhart and Martinelli in 1944. Later, the calculation 

methodology for two  phase  friction  multiplier  was  

developed  by  Thom, Baroczy, Chisholm.[6] 

 Tribbe and Muller-Steinhagen [7] presented an 

extensive comparison of 35 two-phase  pressure  drop  

predictive  methods  compared  to  a  large  database for 

following fluid combinations: air-oil, cryogenics, steam-

water,air-water and  several  refrigerants. They made a 

statistical comparison for this large database also segregating 

the data by fluid. It was found that statistically the method of  

Muller-steinhagen  and  Heck gave the most reliable data. 

 S.G.Kandlikar[8] in  his  study-Two-phase  flow  

patterns,  pressure  drop  and heat transfer during boiling in 

minichannel and microchannel flow passages of  compact  

evaporators, concluded  that  three  flow  patterns  are  

commonly encountered  during  flow  boiling  in  

minichannels: isolated  bubble,  confined bubble  or  

plug/slug,  and  annular.    The visual studies available in 

literature have been generally conducted for low mass flux 

values in tubes of 1-mm or larger hydraulic diameters. In 

designing the evaporators with small diameter channels,  the  

length  to  diameter  ratio  depends  on  the  heat  transfer  and 

pressure drop  characteristics.    Larger  pressure  drops  are 

generally  accepted in evaporators with small diameter 

channels 

 Thrust  is  generated  by  interaction  of  plasma  

currents  and  applied magnetic  field.  This concept does not 

need any electrode, grids or neutralizers.  Higher magnetic 

fields facilitate better ionisation.  Ad Astra Rocket Co.  

produced  VASMIR  to  generate  thrust  of  3N  and  specific 

impulses  above  3000s  using  superconducting  magnetic  

field in  Helicon Plasma  Source  (HPS).[9] Given  below  is  a  

schematic  of  the  propulsion system. 

 

  
Figure.1. propulsion system  

 D.Pavarin et al. in their study of -Feasibility study of 

medium power helicon thrusters  noted- The  superconducting  

coil  has  been  considered  in  order  to save  mass  and  

volume.  The material chosen is a BSCCO (Bismuth 

Strontium Calcium Copper Oxide).  

 David  Kirtley et  al.,in  their  study- Pulsed  Plasmoid  

Propulsion:  Air-Breathing  Electromagnetic  Propulsion  .  

(IEPC-2011-015)  noted  the Electrode less    Lorentz    Force    

(ELF)    thruster    creates    a    high-density magnetized  

plasmoid   known  as  a Field  Reversed  Configuration  (FRC) 

employing  a  Rotating  Magnetic  Field  (RMF). The    RMF    

driven  azimuthal  currents,  coupled  with  the  enhanced  

axial magnetic  field  gradient  produced  by  the  FRC  inside  

the  flux    preserving conical  thruster,  produce  a  large  axial  

JxB  force  that  accelerates  the plasmoid  to  high velocity. 

The ELF thruster has been demonstrated to successfully    

ionize    and    electromagnetically    accelerate xenon, 

nitrogen, and oxygen propellants. The  acceleration  

mechanism  must  be  such  that  there  is  not  interaction with    

the    collision    rates    and    plasma  density.  The    plasma    

must    be quasineutral.  These   requirements   lead    directly    

to   body    forces   and   an electrodeless operation. 

 

  
Figure.2. electrodeless operation 

 

IV. GEOMETRICAL DESCRIPTION 

 

The Geometrical description of the model under study is 

described as below.- 

1) Superconductor pipe - superconducting material used 

is  HgBaCaCuO Complex (Tc = 135k at 1 atm. )  

i. Inner diameter - 8.5mm 

ii. length - 1.2 meters wound in a solenoid with 7.46 

turns 

iii. Evaporative Refrigerant - Liquid nitrogen at 77.36k 

iv. Temperature at inlet- 77.36 K 

v. Temperature at outlet- 125k 

vi. Pressure rise at inlet- 1 atm 

vii. Pressure at outlet- ambient 

2) Outer annulus - AISI_SS_410 
[18]

 

i. Inner Radius- 9.5mm 

ii. Thickness - 1 mm 

iii. Length – 1200mm 

iv. Emissivity – 0.5 

3) Cylindrical channel – AISI_Rolled_Steel.[10] – 

i. Internal diameter of cylinder- 25mm 

ii. Thickness - 1mm 

iii. Length - 80mm 

iv. Flowing Fluid in Cylinder- Air 

v. Mass flow rate - 0.1gm/sec 

vi. Energy input ( Heat) of 1000W at inlet 

vii. Emissivity – 0.5 

4) Ambient Space Conditions- 

i. Temperature- 4.2k 

ii. Pressure – 1x10-12 atm( ultra-high vacuum ) 

5) Solver Properties:- 

i. Turbulence Model- k-e Model 

ii. Fluid properties- Average of 20k intervals for LN2 

iii. Gravity- 0.981m/s
2
 

iv. Discretization- Second  Order  Upwind  for  

momentum, turbulence  K.E  and  turbulence  dissipation  

rate.  Standard discretization for pressure. 

v. Convergence criteria-0.001 

The air flowing through the cylinder as propellant is provided 

with an energy input of 1000W for ionization at inlet. The 

temperature rise in cylinder causes vaporisation of liquid 

nitrogen circulating in solenoid . The only mode of heat 

transfer between cylinder and solenoid is radiation owing to 

space conditions. 
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V. MATHEMATICAL FORMULATION 

 

The basic equations for the separated flow model are 

independent of the particular flow configuration. It is assumed  

that the velocities of each phase are constant. Pressure drop 

during In-Tube condensation can be obtained from the two 

phase flow momentum equation or energy equation based on 

the separated flow model. It is assumed  that velocities of each 

phase are constant, in any given cross section within the zone 

occupied by the phase. From the two phase flow momentum 

equation, the pressure drop equation  for condensation inside 

horizontal tube is developed as: 

 

-(
dp

/dz) = -(
dp

/dz)f -(
dp

/dz)a -(
dp

/dz)z (1) 

 

-(
dp

/dz)z = g[ερg + (1−ε) ρl ]  (2) 

 

-(
dp

/dz)a = G
2
d{(x

2
/ρgε)+ ((1-x)

2
/ρ(1-ε)))}/dz (3) 

 

-(
dp

/dz)f is the frictional pressure drop, -(
dp

/dz)a is the 

acceleration pressure gradient and -(
dp

/dz)z is the gravity 

pressure drop. The gravity pressure gradient is relevant only 

for long vertical tubes, while the momentum pressure drop 

results in an increase in the pressure at the exit than at the 

inlet, as for condensing flows, the kinetic energy of outgoing 

flow is smaller than that of incoming flow. Hence, it is 

common practice to ignore the momentum recovery as only 

some of it may actually be realized in the flow and ignoring it 

provides some conservatism in the design. A homogeneous 

flow model, a special case of separated flow analysis in which 

vapor and liquid velocities are assumed to be constant and 

equal. In this model, two-phase flow is treated as single phase 

pseudo fluid with suitably averaged properties of the liquid 

and vapor phase. For steady homogeneous flow model, the 

basic equations for condensation inside a horizontal tube are 

reduced to the following form:- 

Continuity Equation:                                           (4) 

Momentum Eqn            (5) 

This frictional pressure drop equation is the Fanning Equation, 

in which the two phase friction factor can be calculated by the 

Blasius equation using the average properties 

 

        (6) 

The average properties for homogeneous pseudo fluid are 

developed from the fundamentals as mentioned elaborately in 

Collier. 

The average fluid density is given by:- 

        (7) 

Based on the above average properties, two phase frictional 

pressure drop for horizontal tube of internal diameter, d is 

calculated as: 

        (8) 

 

VI. RESULTS & OBERVATIONS 

 

 The Fluid temperature profile is shown below:- 

 
Figure.3. 

Shown in Fig 3 is the fluid temperature profile of fluids in 

solenoid (Liquid Nitrogen) and cylinder (Air). The individual 

profile (Solenoid) is shown in subsequent figures.- 

 

 
Figure.4. 

 

 
Figure.5. 

 

 The Temperature profile of the solenoid is shown 

below:- 

 
Figure.6. 
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Figure.7. 

 

 The pressure profile of the solenoid is shown below:- 

 
Figure.8. 

 

 
Figure. 9. 

 

 The velocity profile of fluid in solenoid is shown 

below:- 

 
Figure.10. 

 

 
 

1. The overall temperature of the solenoid carrying the 

conductor remains below 125k along its entire length               

( Tc=135K) for the observed mass flow rate of 0.1084488117 

kg/s. 

2. Criticical Heat Flux found near the inlet of the liquid 

N2. 

3. Two  phase  flow  of  N2  is  found  only  till  579mm  

of  length  in solenoid. 

4. After  579mm  length  the  flow  of  N2  is  in  

gaseous  state  and  the cooling of superconductor is due to the 

specific heat capacity of nitrogen gas. 

5. The rise in pressures in solenoid after 579 mm is due 

to expansion of the gas due to heating. Pressure ratio of 

Inlet:Outlet is 23.09. 

6. Liquid nitrogen at inlet pressure of 0.1016N/mm2 

velocity of 2.34 m/sec is required. 

7. Volumetric flow rate of 0.0001328367 m3/sec or 

0.1084488117 kg/s is required at inlet. 

 

VII. VALIDATION 

 

The methodology adopted by P.Bhramara et.al., [18] is used 

for the validation of the work shown in this paper.  

 

VIII. CONCLUSION 

 

The resulting pressure drop data obtained at adiabatic 

conditions match well by separated flow correlations. The 

CFD results match well with Muller – Steinhagen and Heck 

correlation. The observed mass flow rates should be suitable 

for generation of superconducting magnetic field using 

HgBaCaCuO Complex in the given geometry.  

 

IX. NOMENCLATURE 
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