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Abstract. Chilldown of transfer lines is an important phenomenon associated with cryogenic liquid transfer
from the storage facility to the location of its intended application. Analysis of heat transfer characteristics
during cryogenic chilldown of a helical coil is the focus of this study. In view of the ease in availability and
handling compared to other cryogens, Liquid nitrogen is adopted. The cryogen was transmitted through copper
helical test sections with 7.94 mm outer diameter, 0.81 mm wall thickness and having helix angles 4, 6, 8,
10, 12 and 16 with horizontal axes, at three different mass ﬂuxes, that is, 66 kg/m2s, 86 kg/m2s and 102 kg/
m2s under terrestrial gravity conditions. Temperature-time relationships were obtained and the results were
compared with that of straight channels. The results of the experiment indicated that the chilldown time for coils
of different helix angles were different at a given mass ﬂux. Also, for a given helix angle, chilldown time varied
inversely with mass ﬂux. Results suggested the prospect of an optimum helix angle that can serve in minimizing
the chilldown time, thereby reducing cryogenic liquid consumption. Finding correlations connecting heat
transfer parameters in helical coils would enhance the scope of this study.
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1. Introduction
Cryogens, substances existing as liquids at extremely low
temperatures, are found to have wide applications
throughout industry. Due to their thermodynamic and
environmental friendly properties, cryogenic ﬂuids are
involved in the propulsion and expansion of space exploration missions as critical propellants and a must in the
envisaged in-space fuel depots. Rapid development and
growth of commercial sectors have out grown the use of
cryogens in earth-orbiting telescopes and satellites. Cryogens such as liqueﬁed natural gas, liquid oxygen, liquid
nitrogen, liqueﬁed hydrogen and liqueﬁed helium are in
highly demand and depended on as coolants or fuels in
energy industries.
Speciﬁc utilization of cryogens have extended to food
industry for food processing, medical applications such as
blood and tissue preservation, cryosurgery, super conducting magnetic devices like MRI scans, various industrial
applications such as plate glass manufacturing, metal processing, pharmaceutical and chemical manufacturing and in
fuel cells, demanding an effective, consistent and
*For correspondence

reasonable supply modes of cryogenic ﬂuids. Proper
transport, handling and storage of cryogenic ﬂuids is an
integral part to these applications. Thus, sub cooled ﬂow
boiling phenomenon has found extensive consideration in
cooling system with high heat ﬂux, such as fusion reactors
cooling system, nano optics and MEMS. Experimental and
parametric studies to understand the multifarious quenching
phenomena and envisage the line chill-down process are
copious.
Dresar et al revealed that there exists an ideal ﬂow rate
where cryogen consumption can be minimized in an
application [1]. Many literatures could be found in relation
with chilldown of a straight tube under different conditions.
Among them a few notable experimental work was done by
Shaeffer et al, Johnson et al and Hartwig et al [2–4].
Shaeffer et al [2] conducted experimental studies on a
vertical pipe under continuous and pulsed ﬂow conditions
(2500 to 7000 Re) to investigate the effect of ﬂow pattern
variations on chilldown. The effect of transfer line inclination was addressed by Johnson et al [3]. Hartwig et al [4]
provided a detailed evaluation on the feasibility of reported
correlations for heat transfer coefﬁcient and CHF in two –
phase ﬂow. They concluded that the correlations developed
for steady state room temperature ﬂuids are not adequate to
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predict cryogenic chilldown data. Moreover, accurate
experimental data for mass ﬂuxes lower than 100 kg/m2s
are scarce in case of horizontal transfer lines. Mohammed
et al [5] reported that, marked reduction of critical heat ﬂux
during chilldown was encountered when the tube material
was changed from stainless steel to copper. Apart from
these literatures, a considerable amount of experimental
investigation on varied channel orientation has also been
reported [6]. This has considerably compensated for the
lack of thorough experimental investigation of cryogenic
chilldown of straight tubes.
In-spite of large number of experimental works dealing
with two-phase ﬂow, the inﬂuence of some parameters on
heat transfer still requires further investigation. Researchers
have contradictory opinions about the effect of geometry on
heat transfer characteristics. Critical evaluation of heat
transfer characteristics during chilldown of transfer lines of
varied geometry are poorly understood causing severe
design concerns. The literature and data are scarce on the
information concerning this factor on direct comparison of
heat transfer intensity of different channel geometry
obtained in the same laboratory [7]. Enormous volume of
data on heated tube ﬂow boiling are reported but, chilldown
data considering geometric factors are limited. Thus the
geometrical aspect on the chilldown mechanics has to be
explored, especially in helically coiled tubes. Helically
coiled tubes have attained signiﬁcance in research and
industrial applications due to their compactness and high
heat transfer efﬁciency [8]. The inherent quality of introducing secondary ﬂow in the lighter phase, that acts
through interfacial shear to distribute the liquid around the
entire surface up to 90-95% quality [9], eventually resulting
in faster energy transfer to the walls that can possibly
reduce the chill down time. These situations can arise in the
food processing industry for the chilling of either highly
viscous liquid food, such as pastes or purees, or for products that are sensitive to high shear stresses [10] and in
applications that need constricted space to operate. Thus,
requiring the tubes to be placed horizontally with a lower
gravity center. Moreover, evolution of diffusion pumps in
the 1910s demanded the need for preventing back stream of
oil from the pump. This led to the development of liquid
nitrogen cooled surface traps for condensing back streaming of vapor. Helical geometries are often employed for
cooling those surfaces. To the author’s knowledge, publication concerning heat transfer characteristics in chilldown
of helical tubes is scanty.
An extensive review of heat and ﬂow characteristics of
helically coiled tubes under single-phase and two-phase
ﬂows were reported by Naphon et al [11] but, their discussion on two-phase ﬂow were limited. Heated tube
experimentation done by Owhadi et al [12] on helically
coiled tubes using water as the ﬂuid, revealed that secondary ﬂows were the factor assisting in forcing the liquid
towards the inner wall surface. An opposite point of view
was reported by Guo et al [13, 14]. Through their
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experiments on horizontal helical coils for boiling heat
transfer studies, they reported that inner wall surface temperature is higher than the outer wall at a location and heat
transfer coefﬁcients in ascending sections were greater than
the descending segments. Kang et al [15] studied the condensation heat transfer and pressure drop characteristics in
helical coils and deducted that the overall heat transfer
coefﬁcient of ﬂuid increases with increase in mass ﬂux
while, pressure drop increases slowly. It was also reported
that helical coils have better heat transfer enhancement
compared to straight tubes. The same was observed by
Fsdani et al [16]. They also reported that, as the secondary
ﬂows generated are perpendicular to the ﬂuid ﬂow direction
in the helical coil, thermal boundary layer thickness
decreases.
Goering et al [17] observed that the centrifugal force by
virtue of coil curvature induces secondary ﬂows that are
more pronounced with laminar ﬂows in helical coils. This
causes increased ﬂuid mixing accounting for 16-20% of the
mean ﬂuid ﬂow velocity compared to restricted ﬂuid mixing in straight tubes [18, 19]. Berger et al [20] provided a
broad review on the heat transfer and ﬂow characteristics in
coils of varied geometry. Zhao et al [21] through their work
introduced Boiling number, Bo, in their correlation for
accounting two phase ﬂow heat transfer in nucleate boiling.
From the experiments using R113 in helical coil, Jensen
and Bergles [22] identiﬁed that the rate of reduction in
DNB CHF with increase in tube to coil diameter ratio and
mass ﬂux is higher in coils compared to straight tubes.
Styrikovich et al [23] observed that CHF in helical coils is
higher than in straight tubes in vertical orientation.
From the above literatures, it can be deduced that helically coiled tubes provide better heat transfer characteristics than a straight tube geometry. In light of the recent
researches on heat and mass transfer enhancements to
control or reduce wastage due to chilldown phenomena, the
effect of helically coiled geometry in chilldown mechanism
is worth exploring. Present investigation is driven with the
intention to study chilldown in helical coils using LN2 and
thereby acquire an understanding on the cryogenic chilldown process through helical channels. Here, the fundamental underlying physics of chilldown experiments when
performed on 2 different transfer line geometries conducted
at different parametric condition is studied and thereby
investigating the inﬂuence of geometric parameters in chill
down mechanism. Finally, the results are compared with
available dimensional correlation of critical heat ﬂux in
helically coiled tube.

1.1 Cryogenic chilldown
Cryogenic chilldown, a process much similar to boiling
curve experiments, investigated widely by researchers for
decades. Prior to the introduction of cryogenic ﬂuids in
single phase to the use point, the transfer line and allied
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components are to be precooled or ‘‘quenched’’ from room
temperature to the ﬂuid saturation temperature. This process of chilldown is accompanied by phase change, twophase ﬂow boiling and both pressure and velocity ﬂuctuations. In-depth information about this dynamic process can
be developed by the understanding of the boiling phenomenon, and heat transfer regimes. A typical boiling curve
showing the relationship between convective heat ﬂux and
wall superheat is provided in Figure 1. Heated tube or
quenching/chilldown tests are adopted for gathering twophase ﬂow boiling data of any ﬂuid. Depending on the
technique two different paths can occur along the mentioned boiling curve.
In steady state boiling experiments, a heater is utilized to
supply heat ﬂux to the ﬂuid. Here, heat ﬂux is maintained as
the control variable by varying the power input to the
heater, externally. Whereas, in quench tests, the ﬂuid is
used to quench the wall surface resulting in both heat ﬂux
and wall superheat variation with respect to time, rendering
a transient nature to the process. The chilldown process
begins from the right end of the boiling curve naming it as
inverse-boiling curve. The process begins with the entry of
liquid into the test section with a very high wall super heat,
the liquid phase evaporates instantaneously and forms a
vapor ﬁlm, thereby preventing the liquid to come in contact
with the wall. This regime is represented as ﬁlm boiling (6
to 5). Point 5 represents the Leidenfrost point (LFP) where
minimum heat transfer occurs between the cold vapor and
the tube wall. As the LFP is reached the liquid phase is able
to contact the wall accompanied by violent boiling and
evident decrease in wall temperature (rewetting). The
mechanism of heat transfer during this period is transition
boiling characterized by high heat ﬂux compared to all
other regimes. Transition boiling ends as soon as the liquid
comes in continuous contact with the wall at the Critical
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Heat Flux (point 4) point (CHF). At this point, heat transfer
is maximum due to the combined sensible and latent heat
removal mechanism of the larger amount of liquid coming
in contact with wall surface. As the process progresses
through points 4?3?2, the wall further cools and the
vapor quality diminishes and the process completes the
partial nucleate boiling and enters into single phase liquid
convection heat transfer regime marking the end of chilldown process with a vapor free liquid ﬂow. Point 2 marks
the onset of nucleate boiling (ONB) here the system
evolves from nucleate two phase cooling to single phase
liquid convection.

2. Experimental procedure
Tests were conducted in the experimental set-up as shown
in Figure 2. Cryogen for this experimental study was liquid
nitrogen. It was selected because of its non-corrosive,
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Figure 1. Typical boiling curve.

Figure 2. Schematic representation of experimental set-up.
(b) helical coil and (c) straight tube.
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relatively inexpensive, chemically inert, easily available,
non-ﬂammable characteristics and it does not pose any
major hazards. The liquid nitrogen was stored in Duracyl
120LP’ Dewar vessel (CHART Inc.USA) having a capacity
of 120 litres.
Test sections under consideration were 500 mm long
straight channel and helical geometries with coil diameter
of 116 mm. Coils with six helix angles viz. 4, 6,
8,10,12 and 16 were studied. All geometries were
made of copper tubes (7.938 mm OD, 0.813 mm Thick,
speciﬁc heat capacity of 401 J/kgK and thermal conductivity of 0.14 W/mK at 300 K). Liquid nitrogen was
supplied to the test section through 12.7 mm SS 304
grade pipes and brass ﬁttings. A bypass line was provided
before the test section to bypass the initial vapour produced during the initial cool down of the supply system.
A transparent line provided at the bypass line ensures a
steady state of liquid being supplied and only after that
the line to the test section is opened. Heat in leak at the
inlet section was minimized by employing a combination
of asbestos rope, nitrile rubber and urethane modiﬁed
poly-isocyanurate foam (thermal conductivity of 0.14
W/mK) with 160 mm as OD. The wall temperatures of
each geometry was measured using a total of 24 T-type
thermocouples. The thermocouples were attached as a set
of four at each location (A-A’ in Figure 2b), at six
equidistant points till a distance of 360 mm (along the
tube) from inlet. Inlet and exit pressures were measured
using two peizo-electric pressure transducers. Keysight
34972A Data Acquisition/Data Logger Switch Unit was
adopted for logging data. Mass ﬂux was derived from the
volume ﬂow measured using a single phase ﬂow measuring rotameter at the exit line kept after a hot water
bath maintained at 100 C.
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3. Results and discussion
3.1 Time vs. temperature
Figure 3(a) shows the time - temperature proﬁle of the
different test sections adopted in this study. The general
trend seen is in unison with previously reported studies.
As explained earlier, three distinct regions can be
explicitly marked in the time-temperature plot.
It has been reported by Hartwig et al [25] that in low
Reynolds number ﬂows, more than 75% of the chilldown
time in channels are consumed for the completion of ﬁlm
boiling regime. Whereas, Chi et al [26] concluded that the
maximum amount of cryogen used for chilldown is con-

2.1 Uncertainty
Temperature, pressure, length and volume ﬂow rate are the
parameters directly measured in the experiment. From
experimental equipment guidelines, the maximum uncertainty in linear measurements of the test section was
±0.001 mm. ±0.5 K and ±0.0125 bar were the maximum
uncertainty in temperature and pressure measurement
respectively. The maximum uncertainty in measuring ﬂow
rate was 5% of full scale. The uncertainty analysis was
performed based on the procedures given in the references
[4, 24]. The results indicated maximum uncertainties in
measuring average heat transfer coefﬁcients and heat ﬂux
as ±7% and ±8.3% respectively for the derived quantities.
Using simple heat transfer calculation, heat loss through the
insulation layer was assessed to be 0.5% of total heat
dissipation.

Figure 3. (a) Variation of temperature with time at 102 kg/m2s.
(b) Variation of temperature with time for straight and 8 helical
coil at different mass ﬂuxes.
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sumed during ﬁlm boiling. It is evident from the present
experimental results that in helical coils, CHF occurs at
higher wall temperatures marking an early end of ﬁlm
boiling along with faster completion of transition boiling.
Eventually leading to lesser consumption of cryogen during
initial chilldown process compared to straight channels.
Additionally, when comparing the helical coils alone, it is
apparent that the coil with 8 helix angle over-performs its
counterparts. Figure 3(b) depicts the time temperature
proﬁle for both straight tube and 8 helical coil considered
in present study. Earlier and faster completion of ﬁlm and
transition boiling is seen in helical coils than in straight
tubes under same mass ﬂuxes. Therefore, it can be concluded that transfer line geometry is also decisive in the
prediction of chilldown of a system.

3.2 Comparison of wall temperature proﬁle
at various thermocouple location
According to Figure 4a and b, for ﬁlm boiling regime, the
temperature distribution of helical coil is similar to that of
straight tube being considered. Initially, the decrease in
heat ﬂux is almost linear, demonstrating that the heat
transfer between the wall and ﬂowing liquid depends on the
single-phase forced convection. In the process of singlephase heat transfer, the bottom wall heat ﬂux (b =180) is
higher than that at upper side (b = 0) for the helical coil.
Moreover, the ﬂux variation is almost the same for b = 90,
270 and are in between the inner and outer side.
The occurrence of onset of nucleate boiling (ONB—the
point from where the rate variation of temperature slows
down in t vs. T plots, ﬁgure 3) and critical heat ﬂux in
helical coil is double that of straight tube. Additionally,
there is higher ﬂuctuation in heat ﬂux during ﬁlm boiling in
straight tube. But, when examining the heat ﬂux variation
in both the test sections, it is evident that there is a slight
difference in the wall super heat at ONB, while a
notable difference has occurred in the critical heat ﬂux in
the same cross-section. It can be seen that the heat ﬂux at
the inner wall is 46.2% lesser than at the outer wall for
helical coil while, it is comparatively equal in straight
tubes.
Maximum heat ﬂux variation along the circumferential
coordinate of horizontal helical coil is 45% as compared to
that of 7% in straight tube. This variation can be attributed
to the shifting of lighter phase ﬂuid towards inner side as
they are subjected to lesser centrifugal force compared to
the heavier phase [27, 28].
The distribution of the heat ﬂux is attributed to the axis
velocity distribution and secondary ﬂow perpendicular to
the axial ﬂow [29].
The secondary ﬂow drifts from the inner side towards
outer side at the center of the tube and then returns to the
inner side along the tube circumference. On the other hand,

Figure 4. Heat ﬂux vs. time for thermocouples at 110 mm under
mass ﬂux of 102 kg/m2s for, (a) helical coil of helix angle 8o and
(b) Straight tube.

the axial velocity at the outer side is greater than the inner
side. Thus, improving heat transfer at the outer side. This
might be the reason for the low ﬂuctuations seen in heat
ﬂux through helical coils.
Under low ﬂow rate of cryogen, the ﬂow pattern during
ﬁlm boiling condition is dispersed ﬂow in straight tubes.
The local heat ﬂux ﬁrst increases in a relatively short time
period and then decreases with decreasing wall temperature
[30].
It was also found from Figure 5 that the wall temperatures in descending segments of coiled tube were higher
than those of climbing ones, while the heat transfer coefﬁcients varied inversely. The heat transfer coefﬁcients
increase with increasing mass ﬂux, heat ﬂux and pressure.
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Figure 5. Heat transfer coefﬁcient and wall temperature variation with time for 102 kg/m2s at 110 mm and 275 mm from inlet
for 8 helical coil.

3.3 Temperature, heat ﬂux and heat transfer
coefﬁcient at inner wall
Adopted method for data reduction in majority of published
works [2–4, 25, 30–35] in the ﬁeld of cryogenic chilldown
implements the method of deriving surface heat ﬂux from
the outer wall temperature history using the solution of
inverse heat conduction problem solving technique (IHCP)
developed by Burgraff [36]. The same is applicable to this
study. With the knowledge of outer wall temperature, inner
wall temperature and heat ﬂux associated can be predicted
[37].
Inside wall temperature can be given by the correlation
Ti ¼ T0 þ

þ

Thus, Net heat transfer at inner wall can be calculated as:
q00 ¼

r0 00
q
 q00i  q00a
ri parasitic;o

!!
 2
ri
ri
dT0
1  2 ln
r0
r0
dt


 r02 ri2 ri
1  4
r04
ri r02 ri2 d 2 T0
4

r

5r
ln

ln
þ
0
64a2 i
8a2 r0 16a2 r0 16a2 dt2

ð5Þ

In chilldown processes the axial conduction heat transfer,
q00a is normally considered as negligible [9].
Heat transfer coefﬁcient can be found using the equation
hi ¼

Time (s)

r02
4a

and radiative heat transfer at the surface of the insulation
can be neglected.
 
oT
00
ð4Þ
qcond;o ¼ k
ox

q00
ðTi  Tsat Þ

ð6Þ

The experimentally derived heat ﬂux variation with
respect to time for the various helical coils considered for
the present study and that of the straight tube for the mass
ﬂux of 102 kg/m2s is shown in Figure 6. It is evident from
the results that the attainment of critical heat ﬂux and the
time taken for chilldown as well as the completion of ﬁlm
boiling occurs at a higher wall temperature in the 8 helical
coil equated to all other test sections considered for the
study, giving an impression that there exists an optimum
angle for helical coils carrying cryogens that make them a
better performer compared to straight channels. This also
allows one to infer that, geometric parameters are to be
taken into account in chilldown studies. Figure 7 shows the
variation of heat ﬂux for different mass ﬂuxes considered
for 8 helical coil. The general remarks on the ﬁgure are:
(i) under higher mass ﬂuxes, heat ﬂux to the ﬂuid is found
to be higher during the initial phases of chill down. This
results in higher heat transfer coefﬁcients and faster completion of ﬁlm boiling. (ii) Earlier occurrence of transition
boiling is experienced for higher mass ﬂuxes. (iii) As the

ð1Þ
The inner wall surface heat ﬂux can be calculated from
equation:
00



! 2
ri2  r02 dT0
ðqcÞ2 ri3
r4
r2 ri ri
d T0
þ
 0  0 ln
2ri
dt
k
16 16ri
4
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dt2

3 5
4
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2 3
4
ðqcÞ
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r
r r
ri r ri ri d 3 T0
 0 þ 0 i  0  0 i ln  0 ln
þ 2
k
384 128
128
384ri
32 r0 32 r0 dt3


qi ¼ qc

ð2Þ
The parasitic heat load through the insulation provided
can be calculated as:
00

00

00

00

qparasitic;o ¼ qcond;o þ qconv;o þ qrad

ð3Þ

As the temperature difference between the surface of the
insulation and surrounding were negligible, the convective

Figure 6. Variation of heat ﬂux with time at 102 kg/m2s for
different test sections considered.
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Figure 7. Variation of heat ﬂux with time for 8o helical coil at
different mass ﬂuxes.

mass ﬂux increases, higher values for CHF is observed at
higher wall temperatures.
Figure 8(a) shows the chill down and boiling curve of a
helical coil under 102 kg/m2s mass ﬂux and 8 helix angle.
Even with a lesser heat transfer coefﬁcient in helical coils
the ﬁlm boiling and transition boiling regime is completed
earlier than in straight tubes, this is due to the occurrence of
secondary ﬂow resulting in earlier attainment of Leindenfrost point and CHF at higher wall temperatures. Moreover,
nucleate boiling is the next heat transfer mechanism which
dominates in helical coil compared to that in straight
channels. The proﬁle of change in heat ﬂux for the chilldown experiments is similar to boiling curve of pool boiling
experiments. Also, it is a known fact that in the nucleate
pool boiling process the heat transfer coefﬁcient is proportional to (q’’)n when n = 0.7 [38].
Figure 9 shows the relationship between ln (q’’) and ln
(h) in the nucleate boiling regime for our experiments.
When the present data are linearly ﬁtted, the relationship, h
= (q’’) 0.7004 is obtained. Where the value of n is 0.7004
which is same as pool boiling conditions. Hence, chilldown
data can be compared with pool boiling [34].
Comparison of MHF and CHF data will provide a better
understanding in this assessment. Berenson [39] modiﬁed
Zuber’s correlation [40] with 0.09 as the steady state prediction value (C) :
"
q00MHF

¼ qv hfg

rgðql  qv Þ
ðql þ qv Þ2

Figure 8. Variation of time, heat ﬂux and heat transfer coefﬁcient with temperature. (a) coil with 8o helix angle, (b) horizontal
straight tube.

#0:25
ð6Þ

where, r is surface tension; g is gravitational acceleration;
hfg is the latent heat of vaporization. The experimental
q00MHF for the present work can be predicted with 90%
accuracy with a slight lesser steady state prediction value of
C = 0.043.

Figure 9. Relationship between heat ﬂux and heat transfer
coefﬁcient in nucleate boiling regime.

2

Page 8 of 11

Sådhanå (2021)46:2

Kutateladze proposed a similar model given by equation (7) for stationary ﬂuid in pool boiling conditions that
is applicable when vapour liquid interface of the escaping
vapour becomes unstable due to Helmholtz instability
[41].
q00CHF


¼ 0:131qv hfg

rgðql  qv Þ
q2v

0:25
ð7Þ

CHF value obtained is only 20% of that obtained for
liquid nitrogen under atmospheric condition. The large
variation in theoretical and experimental results can be
attributed to the difference in experimental conditions
during pool boiling and ﬂow boiling.
During chilldown studies, the heat ﬂux is generally small
in the ﬁlm boiling region causing a near constant heat ﬂux
on the wall similar to the conditions during pool boiling
experiments. While, due to the rapid depletion of energy
stored in the wall during transition boiling, the experimental condition is completely different from that of the
pool boiling tests. These conditions can put limitation to the
value of CHF compared to pool boiling results.
Equations 6 and 7 suggested for minimum heat ﬂux and
critical heat ﬂux, are not accounting for the thermal and
geometrical properties of the wall being considered during
pool boiling studies. During the experimentation, it was
seen that the heat ﬂux available for the working ﬂuid is
taken from the wall. This points to the fact that thermal and
geometrical properties are decisive in chilldown process.
For instance, with a wall of higher thermal conductivity and
a geometry that can enhance heat transfer, energy transfer
to the ﬂow will be faster resulting in attainment of higher
CHF at higher wall temperatures. Considering these possibilities the following section is investigating the effect of
helical geometry variations on certain chilldown
characteristics.

4. Effect of Helix angle

Figure 10. Time taken for completion of ﬁlm boiling regime vs.
helix angle at different mass ﬂow rates.

The physical cause of this must have stemmed from the
difference in the direction of the buoyancy force on the
vapor with respect to the bulk ﬂow. The radial component
of force pushes the vapour bubbles towards the wall.
Buoyancy assists the drag force in removing vapor bubbles
tangentially resulting in turbulence and thus enhancing heat
transfer during the process [42]. Buoyancy force is predominant in secondary ﬂow at low ﬂow rates and is always
opposite to gravity, while drag force is in the ﬂow direction
and therefore always in the tangential direction of the coil
pipe. However, depending on the location of the vapor
bubble, the combined force will have a different magnitude
and direction throughout the ﬂow. Pitch of the coil varies
with variation in helix angle. For the coils selected for this
study, comparative increase in pitch is seen for the coils
with helix angle greater than 8. So, as the pitch increases,
the axial ﬂow reduces causing the bubbles to slow down
and thus increasing the time taken for completion of ﬁlm
boiling regime.

4.1 Film boiling
An evaluation of the time taken for the FB regime completion in coils of varied helix angle is presented in Figure 10. It can be seen that, for a particular mass ﬂux, time
consumed in helical coils for ﬁlm boiling completion initially decreases as the angle increases till 8 and then shows
an increasing trend with increase in helix angle. The
experiments were repeated under varying mass ﬂuxes and a
similar trend was noticed. It can also be found that as mass
ﬂux increases, the time taken for FB completion decreases
in each case. These ﬁndings suggest the presence of an
optimum helix angle for chilldown time minimization. Also
the difference in time reduction with increasing mass ﬂuxes
shows that this factor is predominant at lower ﬂow rates.

4.2 Efﬁciency
In order to suggest an optimum chill down strategy, Reid
Shaeffer [2] deﬁned a term chilldown efﬁciency, as the
ratio between the energy taken away from the wall Qw to
the cooling capacity of the ﬂuid spent in the process Qm.
The equation for chilldown efﬁciency is speciﬁed below
through equations 8 to 10.


ð8Þ
QW ¼ qCP V Ti  Tf

Qm ¼ Mhfg

ð9Þ
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Figure 11. Boiling efﬁciencies of different regimes vs. helix
angle at 102 kg/m2s.

g¼

Qw
 100
Qm

ð10Þ

Figure 11 depicts the efﬁciencies of the three ﬂow boiling regimes in the present study. It can be seen that, transition boiling efﬁciencies of all the helical coils considered
is higher than the straight tubes in every case analyzed
except in 4, an opposite trend is observed during nucleate
boiling. While considering the coils, efﬁciency increases
initially to a maximum for 8 helix angle and reduces
thereon. Film boiling and transition boiling trends are different. In ﬁlm boiling apart from 8o all the other helix
angles have efﬁciency less than straight tube, also there is
an increase in efﬁciency from 12o to 16o. Whereas in
transition boiling, except for 4o every other coil efﬁciency
is superior to straight channel and it can be seen that
transition boiling efﬁciency decreases from 12o to 16o,
reinforcing the existence of an optimum helix angle for
chilldown optimization.

5. Conclusions
To analyze the effect of geometry variation on chilldown
characteristics, experiments were performed on helical
coils having helix angles 4, 6, 8, 10, 12 and 16 with
horizontal axes, at three different mass ﬂuxes under terrestrial gravity conditions and the results were compared to
that of a straight test section.
Below mentioned conclusions can be drawn from the
present study.
• CHF occurrence at higher wall temperatures and a
faster completion of transition boiling was identiﬁed in
helical coils compared to straight section.

2

• CHF in helical coils is 2 times higher than in straight
sections in horizontal orientation. The wall temperatures in descending segments of coiled tube were
higher than those of climbing ones, while the heat
transfer coefﬁcients varied inversely.
• While considering heat ﬂux variations at a particular
section on the outer wall, there is considerable
deviation in heat ﬂux with respect to the position of
thermocouples in helical coils, whereas it is comparatively equal in straight tubes.
• When equating helical coils separately, it is apparent
that the coil with 8 helix angle over-performs its
counterparts, proving the existence of an optimum
helix angle for coils resulting in minimum chilldown
time.
• Relationship between heat ﬂux and heat transfer
coefﬁcient in nucleate boiling regime showed that the
chilldown process can be compared with pool boiling
conditions.
• With a small variation in Zuber’s coefﬁcient for MHF,
90% of data in helical coils simply correlates with
straight tube data. The helical pitch has a slight effect
on the wall superheat and heat ﬂux at ONB.
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Nomenclature
C
Speciﬁc heat, J (kg K)–1
d
Diameter, m
L
Length, m
g
Acceleration due to gravity, ms–2
h
Heat transfer coefﬁcient, W(m2. K)–1
hfg
Latent heat of vaporization, J(kgK)-1
m
Mass of cryogen, kg
G
Mass ﬂux, kg (m2s)–1
q’’
Heat ﬂux, Wm–2
r
Radius, mm
T
Temperature, K
t
Time, s
DT
Wall super heat, K
l
Absolute viscosity, Pa s
q
Density, kgm–3
r
Surface tension coefﬁcient, Nm–1
h
Helix angle of the coil (0)
CHF Critical heat ﬂux
LFP
Leidenfrost point
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MHF
ONB

Minimum heat ﬂux
Onset of nucleate boiling

Subscripts
v
Vapor
l
Liquid
I
Inner surface of wall
o
Outer surface of wall
parasitic Parasitic heat load
cond
Conductive heat load
conv
Convective heat load
rad
Radiative heat load
a
Axial length
sat
Saturation conditions
w
Wall
leid
Leidenfrost point
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[6] Darr S R, Hu H, Glikin N, Hartwig J W, Majumdar A K,
Leclair A C and Chung J N 2016 An experimental study on
terrestrial cryogenic tube chilldown II. Effect of ﬂow
direction with respect to gravity and new correlation set.
Int. J. Heat Mass Transf. 103:1243–1260
[7] Klimenko V V, Fyodorov M V and Fomichyov Y A 1989
Channel orientation and geometry inﬂuence on heat transfer
with two-phase forced ﬂow of nitrogen. Cryogenics
29:31–36
[8] Manglik R M, Bergles A E, Dongaonkar A J and Rajendran
S 2013 Limitations of compiling the global literature on
enhanced heat and mass transfer. J. Enhanc. Heat Transf.
20:83–92
[9] Vashisth S, Kumar V and Nigam K D P 2008 A review on
the potential applications of curved geometries in process
industry. Industrial and Engineering Chemistry Research
47:3291–3337
[10] Rennie T J and Raghavan V G S 2006 Numerical studies of a
double-pipe helical heat exchanger. Appl. Therm. Eng.
26:1266–73
[11] Naphon P and Wongwises S 2006 A review of ﬂow and heat
transfer characteristics in curved tubes. Renew. Sustain.
Energy Rev. 10:463–490

Sådhanå (2021)46:2
[12] Owhadi A, Bell K J and Crain B 1968 Forced Convection
Boiling Tubes Helically-Coiled. Int. J. Hear Mass Transfr.
11:1779–1793
[13] Bai B F and Guo L J 1977 Study on convective boiling heat
transfer in horizontal helically coiled tubes. Chinese J. Nucl.
Sci. Eng. 17:302–308
[14] Guo L J, Feng Z P, Chen X J and Thomas N H 1996
Experimental investigation of forced convective boiling ﬂow
instabilities in horizontal helically coiled tubes. J. Therm.
Sci. 5:210–216
[15] Kang H J, Lin C X and Ebadian M A 2000 Condensation of
R134a ﬂowing inside helicoidal pipe. Int. J. Heat Mass
Transf. 43:2553–2564
[16] Fsadni A M and Whitty J P M 2016 A review on the twophase pressure drop characteristics in helically coiled tubes.
Appl. Therm. Eng. 103:616–638
[17] Goering D J, Humphrey J A C and Greif R 1997 The dual
inﬂuence of curvature and buoyancy in fully developed tube
ﬂows. Int. J. Heat Mass Transf. 40:2187–2199
[18] Prabhanjan D G, Raghavan G S V and Rennie T J 2002
Comparison of heat transfer rates between a straight tube
heat exchanger and a helically coiled heat exchanger. Int.
Commun. Heat Mass Transf. 29:185–191
[19] Mukesh Kumar P C, Kumar J and Suresh S 2013 Experimental investigation on convective heat transfer and friction
factor in a helically coiled tube with Al2O3/water nanoﬂuid.
J. Mech. Sci. Technol. 27:239–245
[20] Berger S A, Talbot L and Yao L S 1983 Flow in Curved
Pipes. Annu. Rev. Fluid Mech. 15:461–512
[21] Zhao L, Guo L, Bai B, Hou Y and Zhang X 2003 Convective
boiling heat transfer and two-phase ﬂow characteristics
inside a small horizontal helically coiled tubing oncethrough steam generator. Int. J. Heat Mass Transf.
25:4779–4788
[22] Jensen M K and Bergles A E 1982 Critical heat ﬂux in
helical coils with a circumferential heat ﬂux tilt toward the
outside surface. Int. J. Heat Mass Transf. 25:1383–1395
[23] Styrikovich M A, Polonsky V S and Reshetov V V 1984
Experimental investigation of the critical heat ﬂux and postdryout temperature regime of helical coils. Int. J. Heat Mass
Transf. 27:1245–1250
[24] Moffat R J 1988 Describing the uncertainties in experimental
results. Exp. Therm. Fluid Sci. 1:3–17
[25] Hartwig J, Hu H, Styborski J and Chung J N 2015
Comparison of cryogenic ﬂow boiling in liquid nitrogen
and liquid hydrogen chilldown experiments. Int. J. Heat
Mass Transf. 88:662–673
[26] Chi J W H 1965 Cooldown Temperatures and Cooldown
Time during Mist Flow. Adv. Cryog. Eng. 10:330–340
[27] Das S K and Mandal S N 2003 Gas-liquid ﬂow through coils.
Korean J. Chem. Eng. 20 4:624–630
[28] Murai Y, Yoshikawa S, Toda S, Ishikawa M and Yamamoto
F 2006 Structure of air – water two-phase ﬂow in helically
coiled tubes. Nucl. Eng. Des. 236:94–106
[29] Kong L, Han J, Chen C and Xing K 2015 Subcooled ﬂow
boiling heat transfer characteristics of r134a in horizontal
helically coiled tubes. J. Enhanc. Heat Transf. 22:281–301
[30] Yuan K, Ji Y and Chung J N 2007 Cryogenic chilldown
process under low ﬂow rates. Int. J. Heat Mass Transf.
50:4011–4022

Sådhanå (2021)46:2
[31] Hu H, Chung J N and Amber S H 2012 An experimental
study on ﬂow patterns and heat transfer characteristics during
cryogenic chilldown in a vertical pipe. Cryogenics
52:268–277
[32] Shukla A K, Sridharan A and Atrey M D 2017 Investigation
of transient chill down phenomena in tubes using liquid
nitrogen. IOP Conf. Ser. Mater. Sci. Eng. 278
[33] Darr S R, Hu H, Glikin N, Hartwig J W, Majumdar A K,
Leclair A C and Chung J N 2016 An experimental study on
terrestrial cryogenic transfer line chilldown I. Effect of mass
ﬂux, equilibrium quality, and inlet subcooling. Int. J. Heat
Mass Transf. 103:1225–1242
[34] Chung J N and Yuan K 2015 Recent progress on experimental research of cryogenic transport line chilldown
process. Front. Heat Mass Transf. 6:1
[35] Jin L, Park C, Cho H, Lee C and Jeong S 2016 Experimental
investigation on chill-down process of cryogenic ﬂow line.
Cryogenics. 79:96–105

Page 11 of 11

2

[36] Burggraf O R 1964 An Exact Solution of the Inverse
Problem in Heat Conduction Theory and Applications. J.
Heat Transfer. 86(3):373–380
[37] Iloeje O C, Plummer D N, RohsenowW M and Grifﬁth
P 1975 An investigation of the collapse and surface rewet in
ﬁlm boiling in forced vertical ﬂow. Trans. ASME. Ser. C, J.
Heat Transf. 2:166–172
[38] Hand Book 1983 Heat Exchanger Design. Heat Exch. Des. Guid.
[39] Berenson P J 1961 Film-Boiling Heat Transfer from a
horizontal Surface. J Heat Transf. ASME. 351–358
[40] Zuber N 1958 On the stability of boiling heat transfer. Trans.
Am. Soc. Mech. Eng. 80:711–720
[41] Kutateladze S 1948 On the transition to ﬁlm boiling under
natural convection. Kotloturbostroenie 3:152–158
[42] Kong L, Han J, Chen C, Xing K and Lei G 2017 An
experimental study on subcooled ﬂow boiling heat transfer
characteristics of R134a in vertical helically coiled tubes.
Exp. Therm. Fluid Sci. 82:231–239

