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Abstract: Chill down of cryogenic transfer lines is a crucial part of cryogenic propulsion as
chill down ensures transfer of single phase fluid to the storage tanks of cryogenic engines. It
also ensures single phase liquid flow at the start of the engine. Chill down time depends on
several parameters such as length of the pipe, pipe diameter, orientation, mass flux etc. To
understand the effect of these parameters, experiments are carried out in a set up designed and
fabricated at Indian Institute of Technology Bombay using tubes of two different diameters.
Experiments are conducted at different inlet pressures and mass flow rate values to understand
their effect. Two different pipe sizes are taken to study the effect of variation in diameter on
chill down time and quantity of cryogen required. Different orientations are taken to
understand their effect on the chill down time, heat transfer coefficient and critical heat flux for
the same inlet pressure and mass flux. Pipe inner wall temperature, heat transfer coefficient for
different boiling regimes and critical heat flux are calculated based on measured outer surface
temperature history for each case.
A one dimensional energy conservation equation is solved for transient chill down process
considering constant mass flux and inlet pressure to predict the chill down time. Temperature
variation during chill down obtained from the numerical simulations are compared with the
measured temperature history.
Keywords: Chill down, Liquid Nitrogen, Boiling curve, heat flux, Film boiling

1. Introduction

Cryogenic fluids are widely used in various industries including space industry. Different cryogenic

fluids find their applications in cryosurgery, preservation of tissues and blood, fuel cells, medical

industry, health supporting systems etc. Along with this, cryogenic propulsion is a very prominent area

of application of cryogenic fluids. Chill down of cryogenic storage tanks, cryogenic transfer lines,

cryogenic engine and its piping form techniques essential in the area of cryogenic propulsion [1].

Chill down can be referred to as first stage of cryogenic fluid transfer. For any cryogenic
application, the first objective is to transfer cryogenic fluid with minimum consumption and losses. In
order to minimize the losses and consumption, the process needs to be optimized. An efficient chill
down ensures transfer of single phase fluid from one component to another component in a system.
Knowledge of chill down gives an advantage to the designer for sizing the piping system and
associated circuits for low temperature applications. When cryogenic fluid enters a tube or pipeline,
which is in thermal equilibrium with the ambient, vigorous boiling of the fluid results. As specific
volume ratio for gas to liquid is very high for cryogenic fluids, boiling results in a rapid increase in the
volume of the fluid which the pipe may not be able to vent out instantaneously. This increase in
volume results in high pressure surges, back flow and high thermal gradients inside the pipeline. As
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the pressure in the pipeline increases, it pushes the fluid back to the vessel and there is no flow of fluid
from the vessel to the pipeline until pressure in the pipeline reduces to a value less than the pressure in
the vessel. This process of boiling and phase change continues until the pipe comes in thermal
equilibrium with the fluid. This phenomenon is referred as line “chill down” or line cool down [2].
The phenomenon of chill down is characterized by large temperature differences, rapid transients and
pressure fluctuations.

Chill down studies started in the late 1960’s and one of the initial studies was carried out by Burke
et. al. [3] in which, different parameters such as driving pressure at the line, line heat in leak, line
thermal mass, effect of concentrated mass etc. were studied. A model was also proposed to estimate
the chill down time of pipe line. Fourier series was used to study the chill down of concentrated mass
considering it to be a semi-infinite slab. In a series of latest papers by Darr et. al. [1, 4] effect of
different parameters such as mass flux, equilibrium quality, inlet subcooling, flow direction etc. was
studied for horizontal, vertical and inclined orientations on a stainless steel 304 grade tube. A set of
correlations were proposed for different boiling regimes such as film boiling, transition boiling and
nucleate boiling based on experimental data for different orientations.

Jackson et. al. [5] calculated heat transfer coefficient at top and bottom of a pipe line using inverse
heat transfer technique. Liao et. al. [6] considered a pseudo-steady model and developed a correlation
for film boiling for a horizontal tube. He considered liquid wave front speed as constant and remained
same as that of bulk liquid speed. Johnson et. al. [7] discussed the chill down of a horizontal and
inclined orientation and reported that at an optimum angle, chill down time is minimum and effect of
inclination is more dominant on small mass flow rates. Hu et. al. [8] discussed the effect of flow
direction on chill down in case of a vertical pipe and studied the variation of heat transfer coefficient,
chill down etc. with flow direction. Hartwig et. al. [9] discussed the effect of Reynolds number and
thermophysical properties on chill down and reported that at high Reynolds number, Leidenfrost
temperature is high. They also concluded that hydrogen instantly by passes the film boiling regime
thus reducing the chill down time drastically. Majumdar et. al. [10] showed the effect of subcooled and
saturated liquid on chill down for liquid nitrogen and liquid hydrogen. They inferred that chill down
time was less for liquid hydrogen than for liquid nitrogen. They further observed that chill down time
will be less for a subcooled liquid as compared with the saturated liquid.

In the present study, a one dimensional (1-D) transient model is solved to predict the temperature
variation with respect to time at a given location. In addition, experiments are conducted for a wide
range of mass flow rates to see the effect of mass flux on the chill down. Upward flow experiments are
also carried out on two different line sizes at several different orientations.

2. One dimensional numerical model
A one dimensional numerical model is developed similar to that given by Darr et. al. [11]. In this
model, conduction equation is solved to predict the temperature profile at a given location. Control
volume for this is shown in figure 1
pscp,s aaL:J = % (ks aaL;”) + %% (rks aaL:V) + %% (%%) + QConv(Z) + C.Iparasitic(z) (1)
Here s’ and ‘w’ represents properties of solid material and the wall. p is density, ¢, is the specific
heat at constant pressure, K is the thermal conductivity and T is temperature. r, z and ¢ are symbols for
a cylindrical coordinate system. Here q.,n,(2) represents the heat removed from the wall by the fluid
and ¢pqrq (z) represents the heat in leak coming to the test section from the surrounding and consist of
radiation heat flux and convective heat flux at the outer surface. Radiation heat flux is calculated using
Stefan Boltzmann law [12] and heat flux at the outer surface is calculated using Churchill and Chu
correlation [12] for natural convection over a horizontal cylinder. Subscript ‘amb’ is used for ambient
and ‘sur’ is used for surface of the insulation. D, is the outer diameter of the insulation and h,,,; is the
heat transfer coefficient at the outer surface and h.,,,, is the heat transfer coefficient for inner surface.
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Figure 1. Control volume for numerical simulation.

It is assumed that for small line sizes, temperature gradients in radial and azimuthal directions are
small compared with the temperature gradient in the axial direction and hence neglected. With these
assumptions, equation (1) is reduced to the form given in equation (2).

oT, @ 0Ty . .
PsCps 3t — o2 (ks (M g) + Geonv(2) + dparasitic(Z) (2)

It is also assumed that the mass flow rate is constant and pressure distribution during chill down is
independent of time. In case of horizontal lines, fluctuations in mass flow rate and pressure are very
small and can be neglected. This equation is discretized using second order central difference scheme
for axial term and first order implicit formulation for temporal term.

Tri-diagonal matrix obtained from discretized form of equation (2) at every node is solved using
Thomas algorithm. Boundary conditions to solve the equation are, (i) at inlet first node temperature is
equal to the saturation temperature of the fluid during the trial and (ii)at exit heat flux at the last node
is same as that of node prior to it. In order to calculate the equilibrium quality ‘xe’ and enthalpy ‘h’ at
a node equation (3) and (4) are used.

W o=hl + ql,i/G 3)

xe] = (W] — W) /hyy 4

Treigenfrost» Tong, ne and qcyp are calculated for the given mass flow rate and pressure. The
values of wall temperature and heat flux are compared against the respective values to distinguish
among different boiling regimes. Thus the appropriate correlation equation (5) to (8) can be employed.

For film boiling, the modified Bromley correlation as given by equation (5) is used. For nucleate
boiling and transition boiling correlation given by Darr et. al.[4] given in equation (6) and (7) are used.
For single phase convection Dittus Boelter correlation as given by equation (8) is used. As most of the
chill down occurs in film boiling, match of temperature profile obtained by numerical prediction
depends on the accuracy of film boiling correlation for this case. Various correlations are as given

®)

0.25
g(pz—pv)(hzv+0-4cp,vAT)]

Pv
hFB = 062 |:k1?; LnioAT

Here Ly, = minimum (L4, Lpz), Ly = %, Ly, =21 [ﬁ and AT = Tyau — Tsat

hyg = 22.8 Re; *3%2]a; 0%%*hyp 6)



CEC 2017 IOP Publishing
IOP Conf. Series: Materials Science and Engineering 278 (2017) 012035 doi:10.1088/1757-899X/278/1/012035

TieTyoas 00038
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Here y represents surface tension, ‘I’ and ‘v’ are for liquid and vapour phase respectively.

The solution is checked for convergence and grid independence. Pressure drop along the length of
test section is calculated using homogenous flow model. As the change in quality is little along the
length of the test section, pressure drop calculated from the homogenous flow model gives a close
match with experimental values. Based on this pressure drop, pressure at each node is calculated and
gets revised at every time step based on equilibrium quality of previous time step.

3. Experimental setup and instrumentation
A schematic of the test set up is shown in figure 2. The experimental test set up consists of a liquid
nitrogen Dewar. High pressure gaseous nitrogen (GN2) cylinder is used to pressurize the LN, Dewar.
Two test sections are made of seamless stainless steel 304 tube, one of 13.5 mm inside diameter and
1.2 mm wall thickness (size S1) and other of 21 mm inside diameter and 2 mm wall thickness (size
S2). Polyurethane foam sheet is used for insulation and two layers of this sheet is wrapped around the
test section. Experiments are conducted for different mass flow rates and inlet pressure values using
liquid nitrogen.
Hobe: 1) All Dimensions ane in mm
2) Lira inmar diametee 13,5 men and Thickness 1.8 mm (51 size)
and 21 mm LD, and 2 mm ek s (52 sde)
3) Az last lccation only one sensor is provided at the bottom
_T = Temparature Senscr
F = Fressire Sennor

: DPT = Cxtferential Pressure Tran srmﬂlr:
= Manual Vahe

Gassous - 750
;mlm Fluxible Hose
i | DPT
T
FlesitieHosa|  __(P) \"‘Q @ .'TE» DT
I c|: — .... E =l ! 5
vie mmll oy B B 110
LM 5 a0 20 300===f00
I Lappa
= 1440 - =
#
Temperatuns
Ligped
Nitrogen Songer o

= Locaton of Tempanature
‘mnk
- SOrSOr in side view

Figure 2. Schematic of the test setup with instrumentation details of the test section.

Surface temperature sensors (Pt 100) are provided at 5 locations along the length of the test section
to measure outer surface temperature. At one axial location, two surface temperature sensors are
provided, one at the bottom and other at the top of the cross section. It is ensured that the response
time for all the sensors are the same. Inlet pressure and differential pressure are measured during the
trials using a piezoelectric pressure transducer and differential pressure transmitter respectively. For
doing vertical trials, test section is mounted above the manual valve MV2. Flow rate is measured using
digital weighing machine

4. Results and discussion
Experimental results and comparison with numerical results are presented in this section.
4.1 Variation of temperature with time
Temperature profile at three different axial location of test sections i.e. 300 mm, 650 mm and 1300
mm from inlet for both the line sizes S1 and S2 are given in figure 3 and 4 respectively at two different
mass flow rates.

It may be observed that for small line size (S1) at flow rate of 10 g/s, the sensor near to the inlet of
test section reaches steady state first and thereafter sensor located near the exit, whereas at high flow
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rate of 66 g/s, sensor located near the exit reaches steady state prior to the sensor located near the inlet.
For large line size, this kind of behavior is not observed, as for both the flow rates, mass flux (28.87
and 190.55 kg/m?s for m =10 g/s and 66 g/s respectively) is relatively lower for S2.

In chill down application, when cryogen enters the pipe line, initial heat transfer takes place through
film boiling and when the temperature of the wall reaches rewetting temperature [13], liquid comes
into contact with the wall. Then the liquid front starts moving from the inlet along the pipe inner wall.
Due to the movement of the liquid front, film boiling shifts to transition and then to nucleate boiling
and finally steady state is achieved. This phenomenon happens in most of the chill down applications
and the same is clear from the low flow rate temperature profile for S1 as shown in figure 3 and from
the temperature profiles for both the flow rates for S2 as shown in figure 4. In case of low flow rates,
most of the liquid in the test section gets converted into vapour and very small amount of liquid in the
form of droplets remains in the stream. Due to this when the film breaks, liquid droplets available in
the core alone come in the contact with the wall and evaporates to form the film. No major reduction
in wall temperature is noticed as energy removed due to wall and liquid droplet contact is very little.

In case of high mass flow rate, only small fraction of liquid evaporates and liquid vapour mixture
which is moving downstream consist of major amount of liquid in the core of the pipe and flow pattern
is nearly annular. In this case, when vapour film breaks, liquid comes into contact with the wall rather
than liquid droplets and high amount of energy is removed from the wall. By this time the vapour layer
separates the fluid and the wall. The temperature of the wall reduces drastically as compared to any
other location of the test section. In experimental trials, which are carried out at high flow rates,
phenomena similar to this occur. Along with this at high flow rates, film thickness reduces towards the
downstream and causes an increased rate of heat transfer at downstream location as compared with the
upstream location. As a result, downstream section temperature reduces faster than that of the
upstream section for high flow rate and the same is visible from the high flow rate temperature profile
for S1 as shown in the figure 3.
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Figure 3. Variation of temperature with time for S1. Figure 4. Variation of temperature with time for S2.

4.2 Instability at liquid vapour interface due to phase velocity

To understand the effect of the phase velocity, temperature variation for S2 is shown in figure 5. In
this figure, temperature profile of the bottom temperature sensors for all the five locations is given. In
this case, when liquid boils and phase change occurs, velocity of vapour increases as mixture of liquid
and vapour moves downstream. At very low flow rate, near the exit of the test section, difference
between liquid and vapour phase velocities is quite high and gives rise to unstable liquid vapour
interface. It causes a premature rewetting which can clearly be seen from the temperature profile of the
last sensor. This is also the reason for the increased rewetting temperature of the fourth sensor. As far
as small line size is concerned, this phenomena is not observed as the relative difference between the
phase velocities is not significant to make the interface unstable. This instability disappears with
increase in flow rate and is not observed for a mass flow rate of 66 g/s.



CEC 2017 IOP Publishing
IOP Conf. Series: Materials Science and Engineering 278 (2017) 012035 doi:10.1088/1757-899X/278/1/012035

0 100 200 300 400 500
Time, sec

Figure 5. Variation of temperature with time at m= 10 g/s for S2.

4.3 Effect of pipe orientation

To show the effect of the pipe orientation on the chill down for different line sizes, plot of temperature
measured by the sensor Tg located near exit is shown. This sensor location is selected as the effect of
inclination is more pronounced at downstream locations. For S1 size, plot at orientations of 0°, 5°, 10°
and 20° is given in figure 6, whereas for S2, plot at orientations of 0°, 5°, 10°, 20° and 30° is shown in
figure 7. It is clear from the figure 6 that for S1 chill down time reduces with increase in orientation
and reaches its minimum between orientation of 10° and 20° and thereafter chill down time starts to
increase again. For line size S2, chill down time reduces with increase in orientation up to 30° and
minimum chill down will occur at an orientation beyond 30°. This indicates that optimum orientation
for a line size where minimum chill down time occurs is a function of line size also.

325 325
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Figure 6. Variation in chill down time with Figure 7. Variation in chill down time with
orientation at 1 = 32 g/s for S1. orientation at m = 46 g/s for S2.

4.4 Variation of heat flux

With increase in mass flow rate, chill down time reduces. This reduction in chill down time occurs due
to increase in heat transfer coefficient. Variation of heat flux for two mass flow rates of 10 g/s and
66 g/s for S1 and S2 at upstream (i.e. 300 mm from inlet) and downstream location (i.e. 1300 mm
from inlet) is shown in figure 8 and 9, respectively. Heat flux is calculated using the measured surface
temperature history. To calculate transient conduction heat flux and inner wall temperature, equations
(9) and (10) [14] are used respectively. Total heat flux is obtained using energy balance as given by
equation (11). Variation of heat flux shows that, at upstream location heat flux is more for S2 as
compared with the S1. However, at downstream location, heat flux at m = 66 g/s for S1 is of the
same order as of S2.

= o ()12 )]+ - 500 - () - ()

r2r?Y d2T,
0"l } [] (9)
16a2) dt?
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4.5 Comparison of experimental and numerical results

As described in section 3, temperature profiles for both the line sizes are compared with experiemntal
results at m = 10 g/s and 66 g/s and are given in figure 10 and 11. Numerical results obtained for S1
shows a good match for low flow rate of 10 g/s whereas, for high flow rate of 66 g/s, numerical results
overpredict the temperature. This could be because modified Bromley correlation is devloped for some
selected fluids like absolute ethyl alcohol, benzene, carbon tetrachloride and n-hexane. As far as fluid
velocities are concerned, liquid velocity at the inlet is 0.58 m/s and 0.086 m/s for high and low flow
rates respectively and is within the range given in the modified Bromley correlation. Despite these
limitations, numerical results and experimental results show good match for a mass flow rate of 10 g/s.
The difference in temperature is visible only after rewetting point. Numerical simulation under
predcited the rewetting temperature in this case whereas, for high flow rate, value of rewetting
temperature obtained from numerical code is larger than the experimental value. Under prediction and
over prediction of rewetting temperature is due to the local effects which occur during the
experimental trials. For higher size, the prediction in the film boiling regime do not show good match
with the experimental result. One more drawback of Modified Bromley correlation is that prediction of
temperature in film boiling regime for both the flow rates are almost same.
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Figure 10. Experiment and numerical results for S1.

Figure 11. Experiment and numerical results for S2.
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5. Summary
Results obtained from the experimental trials indicate that at very high mass flow rate, mechanism of
chill down is not dominated by the movement of liquid front. The fluid velocity plays a major role and
premature rewetting can occur at high flow rates. At very low flow rates near the exit, large difference
in liquid and vapour phase velocity causes instability of liquid and vapour interface which also results
in premature rewetting. Minimum chill down time changes with the orientation and also depends on
the line size and flow rate. For very high mass flow rate, the amount of heat removed increases
towards the downstream location due to increase in fluid velocity.

Comparison of experimental and numerical results shows that temperature profile obtained in the
film boiling regime using modified Bromley correlation is not close to the experimental values.
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