
International Journal of Mechanical And Production Engineering, ISSN: 2320-2092, Volume- 4, Issue-2, Feb.-2016 

Investigations On The Effect Of Helix Angle On The Transient Chill down Of Helically Coiled Liquid Nitrogen Transfer Lines 
 

49 

INVESTIGATIONS ON THE EFFECT OF HELIX ANGLE ON THE 
TRANSIENT CHILL DOWN OF HELICALLY COILED LIQUID 

NITROGEN TRANSFER LINES 
 

1K. MADHUSOODANAN PILLAI, 2K.E. REBY ROY 
 

Ph D. Scholar, Department of Mechanical Engineering, TKM College of Engineering, Kollam, Kerala, India 
PG Coordinator (CIM), Department of  Mechanical Engineering, TKM College of Engineering, Kollam, Kerala, India 

E-mail: rebyroy@tkmce.ac.in 
 

 
Abstract- Chill  down  in helical transfer lines were investigated using validated computational fluid dynamics code. Mass 
of fluid required and the time taken to completely  chill down  4 helical transfer lines  with different helix angles, at constant 
heat flux, were compared in this study. Important flow parameters for multiphase system such as volume fraction,  liquid 
velocity, and temperature distribution were plotted and displayed. The measurement of two phase flow parameters like 
volume fraction of the fluid has given more insight into the much complicated chill down process. It was found that 
centrifugal forces due to shape of helical transfer lines play an important role in the phase, and temperature distribution in 
helical pipes. It was also observed that the mass of fluid used and time taken for complete chill down of helical transfer lines 
were much smaller as opposed to a straight transfer line.  Among the various helix angled helical transfer lines, it was 
observed that as helix angle increases  chill down time decreases. 
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I. INTRODUCTION 
 
The operation of a cryogenic propulsion system 
requires cooling of transfer lines before establishing a 
steady flow of cryogenic fluid between various 
system components. The process of  cooling down 
the equipment with cryogenic fluid is known as a 
cryogenic chilldown process. Prediction of chill down 
time requires modelling of complex transient 
phenomena and understanding of how they affect 
heat transfer from the tube wall to the flowing 
cryogen. 
The objectives of the work was  to conduct a 
numerical analysis on fluid flow and heat transfer 
through helically coiled transfer lines and to 
determine   
a) The time taken for complete chilldown of helical 
transfer lines of similar dimensions.   
b) To select suitable geometry of transfer line for 
reducing chilldown time. 
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 numbers 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 chilldown: 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 interior of the pipe wall to 
be extracted. Generalized Fluid System Simulation 
Program (GFSSP) is a robust general fluid system  
analyser, based on the finite volume method, with the 
capability to handle phase change, heat transfer, 
chemical reaction, rotational effects, and fluid 

transients in conjunction with subsystem flow models 
for pumps, valves, and various pipe fittings. 
Generalized Fluid System Simulation Program 
(GFSSP) has been used to predict the chilldown of a 
cryogenic transfer line, based on transient heat 
transfer effects and neglecting fluid transient effects. 
[3] Recently, GFSSP’s capability has been extended 
to include fluid transient effects [4]. N T Van 
Dresar[5] et al  investigated transient behaviour of a 
small scale cryogenic transfer line and found out that 
the optimum flow rate is about 3-5 times the flow rate 
necessary to balance the total heat inleak in a 
cryogenic transfer line. Burke  et al.  [6] studied chill 
down of stainless steel lines by flowing liquid 
nitrogen. They developed a model to predict chill 
down time by treating the entire line as a single 
control volume. Steward, et al.  [7] modelled chill 
down numerically using a finite-difference 
formulation of the one-dimensional, unsteady mass, 
momentum and energy equations. Alok Majumdar  et 
al.  [8] studied Numerical prediction of conjugate 
heat transfer in fluid network and developed a 
conjugate heat transfer analysis and concluded that 
increasing the driving pressure and providing sub 
cooling decreases the chilldown time. V.V.Klimenko 
et al. [9] studied channel orientation and geometry 
influence on heat transfer with two-phase forced flow 
of nitrogen and concluded that gravity had more 
influence on a horizontal than a vertical pipe. 
Kawanami et al. [10] used liquid nitrogen as working 
fluid to investigate the heat transfer characteristics 
and flow pattern during the quenching of a vertical 
tube under both terrestrial and ten-second 
microgravity conditions claimed that the heat transfer 
under microgravity condition increased up to 20% 
compared to  those in the normal gravity condition.  
Jacobs [11] and  Flynn [12] developed a method to 
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quickly estimate the minimum and maximum 
amounts of liquid required to chilldown a cryogenic 
transfer line. Both the models equate the loss of 
internal energy of the transfer line to the cooling 
capacity of the cryogenic liquid. Previous works 
reported in literature dealt with chilldown in straight 
tube transfer lines. The desirable condition should be 
the attainment of maximum chilling effect with the 
minimum expense of cryogenic fluid. So the ideal 
mass flow rate required for fastest chilldown with 
minimum expense of cryogen is a basic requirement 
in the design of a cryogenic propulsion system. This 
value of chilldown time will be different for different 
geometries of transfer lines. In the present work 
chilldown in a straight tube transfer line is compared 
with that of various helical tube transfer lines with  
different helix angles,  using validated computational 
fluid dynamics code (FLUENT 15.0). 
 
II. CFD MODELLING 
 
With the advancement and recent development of 
CFD codes, a full set of fluid dynamic and multiphase 
flow equations can be solved numerically. The 
current study used commercial CFD code, ANSYS 
FLUENT 15.0, to solve the balance equation set via 
domain discretization, using control volume 
approach. These equations are solved by converting 
the complex partial differential equations into simple 
algebraic equations. An implicit method for solving 
the mass, momentum, and energy equations is used in 
this study. The k-ɛ turbulence model with standard 
wall functions are used due to their proven accuracies 
in solving multiphase problems. 
 
2.1. Geometry and Boundary conditions   
A cylindrical straight tube of diameter 12.7mm and 
length 139.7mm,  as shown in Fig.1 was considered. 
This  straight tube  is  twisted to form helical tubes 
with different pitch and a single turn as shown in 
figures  2, 3, 4 and 5. The inlet condition is given as 
fully saturated liquid nitrogen and the wall, interior 
and surrounding temperatures are assumed to be 
ambient. Initially the transfer line wall is exposed to 
ambient condition of 300K which is much above the 
saturation temperature at one atmosphere. 
 
2.1.1 Calculation of boundary conditions  
small heat inleak takes place through the transfer line 
into the cryogen. This heat inleak can be calculated 
from numerical methods. 
 
2.1.1.1 Insulation 
Multi-Layer Insulation (MLI) at high vacuum has the 
maximum thermal insulating performance among the 
insulating materials. So vacuum jacketed MLI has to 
be used for insulating the transfer line hilldown. For 
effective insulation, vacuum of 10-4 as to be 
provided. Aluminized Mylar with emissivity of  ϵ  = 
.05 is selected as the best  material  for reflecting 

layer based on the mentioned criteria for the 
operating conditions. It has an aluminium coating of 
400 oA on both sides of mylar film of 6  µm 
thickness. Similarly for the spacer, darcon netting is 
selected having conductance of 0.0851W/m2K and a 
thickness of 0.025mm. 
 
2.1.1.1.1 Radiation   
In theory,  for highly  evacuated  MLI  systems, the  
equivalent emittance    ϵ  for  a blanket    of N  non 
contacting  layers  of emissivities   ϵ1 and   ϵ2  on  
opposite  sides is computed  as 

 
The heat flux as a result of radiation,  rad can be 
computed from   

 
where, Th& Tc are hot boundary and cold boundary 
temperature [K]  and  σ  is the  Stefan–Boltzmann 
constant. 
 
2.1.1.1.2 Spacer Conduction   
For a well evacuated (less than 10-4  torr) MLI, heat 
is transmitted primarily by radiation and solid 
spacer conduction. The apparent thermal conductivity 
can be determined using equation 

 
Where,  
hs –conductance of spacer material (0.0851W/m2K) 

 
Once Ka  is calculated the proportional heat flux for 
each case can be calculated from  Fourier’s equation 

 
Thus 

 
 
2.1.1.2 Inlet Velocity   
The Reynolds number of  the inlet is assumed to be 
6000. 

 
Velocity at the inlet of the transfer line is calculated 
from Eqn. 6 and is found to be 0.115m/s      From the 
above equations it can be concluded that  when liquid 
nitrogen is flowing through a transfer line at ambient 
conditions with an inlet velocity of 0.115m/s,  a heat 
flux of 0.38 W/m2 is seen leaking into the geometry.   
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Geometry is modelled using Design Modeller 15.0. 
Meshing is done with relevance centre as coarse, a 
relevance of 100 and a curvature normal angle of 1. 
Since the heat flux is given on the wall, the interface 
between the solid and liquid domain is of utmost 
importance. So the meshing is done in such a way 
that grid size near the boundary layer is smaller 
compared to the remaining modelled area. Grid 
independence study is carried out for both the 
geometries and the optimum number of elements is 
obtained. 
 
2.2. Modelling Multi-Phase 
The numerical simulations presented in this work are 
based on the ANSYS FLUENT mixture two fluid 
model. The modelling is based on mass-weighted 
averaged mass and momentum transport equations for 
all phases, gas and liquid. 
 

 
Fig.1 Straight tube transfer line 

 

 
Fig. 2 Helically coiled transfer line of helix angle 20 

 

 
Fig. 3 Helically coiled transfer line of helix angle 25 

 
Fig. 4 Helically coiled transfer line of helix angle 30 

 

 
Fig. 5 Helically coiled transfer line of helix angle 35 

 
The mixture model is designed for two or more 
immiscible fluids in which both are treated as 
interpenetrating continua. In the mixture model, a 
single set of momentum equations is shared by the 
fluids, and the volume fraction of each of the fluids in 
each computational cell is tracked throughout the 
domain. One set of Navier-Stokes equations for the 
gas-liquid mixture together with two volume fraction 
equations and turbulence model equations are solved 
in this model. Transport equations are used to track 
the motion of liquid–vapour boundary and both the 
phases share a common velocity field. Mixture 
method in conjunction with evaporation–
condensation mass transfer model has been used to 
simulate mass transfer by phase change. The liquid-
vapour mass transfer is governed by the vapour 
transport equation. 
 
2.3. Modelling Assumptions 
The flow is assumed to be transient, and the pressure 
based solver is used. Standard wall functions have 
been selected and the effect of drag, lift and slip 
interaction has not been investigated. Initially the 
interior of the pipe is assumed to be filled with 
nitrogen gas. 
 
2.4. Governing equations 
Continuity equation, momentum equation, energy 
equation  and  volume fraction equation for secondary 
phase  are  the relevant governing equations 
considered for the analysis.  
  
2.5. Solution Strategy and Convergence 
Chilldown due to voracious boiling of cryogen is a 
rapid transient problem. Transient analysis is carried 
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out with a time step of 0.001 seconds. A first order 
upwind discretization scheme is used for the 
momentum equation, volume fraction, energy, 
turbulence kinetic energy and specific dissipation 
rate. First order implicit transient formulation is used. 
The convergence criterion is based on the residual 
value of the calculated variables, i.e., mass, velocity 
components, energy, turbulence kinetic energy, 
turbulence dissipation rate and volume fraction. In the 
present calculations, the threshold values are set to a 
ten thousandth of the initial residual value of each 
variable, except the residual value of energy which is 
a millionth. In pressure-velocity coupling, coupled 
pressure velocity coupling scheme is used. The 
coupled algorithm solves the momentum and 
pressure-based continuity equations together. Other 
solution strategies used are the reduction of under 
relaxation factors of momentum, the volume fraction, 
the turbulence kinetic energy and the turbulence 
dissipation rate. 
 
III. CFD ANALYSIS AND RESULTS 
 
3.1. Validation of the code 
Chilldown of a straight tube liquid nitrogen transfer 
line investigated by Reid Shaeffer et al. [1] is used for 
validation. Liquid nitrogen is passed at a constant 
flow rate through the straight tube. As a result of heat 
inleak, boiling of cryogen takes place which 
eventually leads to chilldown. The temperature drop 
along the solid-fluid interface has been found out and 
plotted against time. 
 

 
Fig 6 Variation of temperature with time along the solid-fluid 

interface 
 

The results obtained from numerical and 
experimental calculations yields  almost  similar 
values and hence it has been concluded that the code 
can be used for the simulation of chilldown. 
 
3.2 Results and Discussion 
Chill down  on helical transfer lines have been 
investigated and the results  are presented in the form 
of contours and graphs for different cases. Chilldown 
is said to be achieved when the volume fraction of 
liquid nitrogen obtained at  the outlet is equal to  1.  
In the flow time temperature graph (Fig. 7), for all the  
helically coiled transfer lines, temperature on the 
outlet part is seen to reduce swiftly from 300K to 
150K. This part characterizes the boiling regime in 

which there is maximum heat transfer. Further the 
temperature varies slowly from 150K to 76K 
implying the heat transfer is comparatively lower for 
this regime. 

 
Fig.  7  Variation of temperature with time at the solid fluid 

interface of  various  helically coiled transfer lines 
 

 
Fig. 8 Variation of liquid nitrogen volume fraction with time at 
the solid fluid interface of  various helically coiled transfer lines 

 
It is observed from the Volume fraction- time plot 
(Fig. 8)  that the time taken for filling the transfer  
lines is different for different helix angled transfer 
lines. 
The volume fraction of liquid nitrogen along suitable 
faces  for 35  helix angled transfer lines  is displayed 
as a contour (Fig. 9). The contours of volume fraction 
at the start of the analysis show that liquid nitrogen is 
present only at the near inlet regions. The liquid gets 
boiled off and flows in gaseous form in the other 
regions. When liquid nitrogen begins flowing through 
the tube initially at ambient temperature (300 K) the 
liquid instantly vaporizes near the tube wall. Thus a 
cross-section of the flow will have an outer vapor 
ring with a saturated liquid core. As the flow moves 
downstream, due to curvature of the tube, turbulence 
is created which enhances mixing of the two  phases 
which in turn increases heat transfer, eventually, 
filling the  35 degree  tube  at  37s.  It is also observed 
that as the helix angle decreases, the chill down time 
increases slightly. The contours of the other helically 
coiled transfer lines  (20 ,  25 ,  30 )  are similar to 
that of the  35  helix angled transfer line with small 
differences  in the total time taken for chill down. 
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Fig. 9 Distribution of volume fraction of liquid nitrogen on iso-surfaces created at different positions of a 35  helically coiled transfer 

line at different intervals of time. 
 

CONCLUSIONS 
 
It can be concluded that as the helix angle increases, 
the chill down time increases slightly, increasing the 
fluid requirements for the chill down. However, 
future studies are required with improvements in the 
prediction scheme incorporating detailed two phase 
correlations  for  obtaining more accurate results.  
Experiments are also to be conducted to get a clear 
insight of the problem. 
 
ACKNOWLEDGMENT 
 
The authors gratefully acknowledge the Department 
of Mechanical Engineering, TKM College of 
engineering, Kollam for providing  the facilities  at 
the CFD  Lab. and Space Technology Lab., which 
helped to complete the work successfully. 
 
REFERENCES 
 
[1]   Reid shaeffer, hong hu, chung J.N., 2013, “An  experimental 

study on liquid nitrogen pipe chilldown and heat transfer with 
pulse flows”,  Int. Journal of heat and mass transfer, Vol. 67, 
955-966, 2013   

[2]   Jelliffe Kevin Jackson, 2006, cryogenic two-phase flow 
during chilldown: flow transition and nucleate boiling heat 
transfer, Ph.D. Thesis, university of florida.   

[3]   Majumdar, A.K.; and Flachbart, R.H.: “Numerical Modeling 
of Fluid Transient by a Finite Volume Procedure for Rocket 
Propulsion Systems”, 2nd International Symposium on Water 

Hammer, ASME & JSME Joint Fluids Engineering 
Conference, July 6–10, Honolulu, Hawaii, 2003.  

[4]   Malla, R.B.: “Modeling of Chill Down in Cryogenic Transfer 
Lines,” J . Spacecr. & Roc., Vol. 39, No. 2, pp. 284–289, 
2002.   

[5]   N.T.Van Dresar and J.D.Siegwarth, “Cryogenic transfer line 
chilldown”, Report, NASA Glenn research center.   

[6]  Burke, J.C., Bynles, W.R., Post, A. H., and Ruccia, F.E., 
Pressurized cooldown of cryogenic transfer lines, “Advances 
in Cryogenic engineering,  vol. 4, plenum press, new york, 
pp. 378-394, 1960.   

[7]   Steward, W. G., Smith, R. V., And Brennan, J. A., 
"Cooldown Transients in Cryogenic Transfer Lines,"  
Advances In Cryogenic Engineering,  Vol. 15, Plenum Press, 
New York, pp. 354-363, 1970.   

[8]   Alok Majumdar,  S.S. Ravindran, “Numerical prediction of 
conjugate heat transfer in fluid network”, Journal of 
propusion and power Vol 2 , No-3, 2011. 

[9]   V.V. Klimenko, M.V. Fyodorov, Y.A. Fomichyov, “Channel 
orientation and geometry influence on heat transfer with two-
phase forced flow of nitrogen”, Cryogenics 2 (1) (1 ) pp. 31–
36, 1989.  

[10]   O. Kawanami, T. Nishida, I. Honda, Y. Kawashima, H. Ohta,  
“Flow and heat transfer on cryogenic flow boiling during 
tube quenching under upward and downward flow, 
microgravity”, Microgravity Science and Technology, Vol. 
19, pp. 137–138, 2007.   

[11] Jacobs,R.B., “Liquid requirements for the Cool-down of 
Cryogenic Equipment” in “Advances in Cryogenic 
Engineering, edited by K.D. Timmerhaus, Plenum Press, 
New York, vol 8, pp.529-535, 1963.   

[12]  Flynn, T.M.,  Cryogenic Engineering, Marcel Decker, New 
York, pp. 67-69, 1996.   

[13]   G. Prabhanjan, G. S. V. Ragbavan and T. J. Kennic, 
“Comparison of heat transfer rates between a straight tube 
heat exchanger and a helically coiled heat exchanger”,  Int. 
Comm. Heat and Mass transfer,  vol. 29, No. 2, pp. 185-191, 
2002. 

 
 
 

 


