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Abstract

Boiling heat transfer characteristics of nitrogen were experimentally investigated in a stainless steel plain tube and wire coil inserted
tubes. Wire coils having different coil pitches and wire thicknesses were inserted into a horizontally positioned plain tube, which had an
inner diameter of 10.6 mm and a length of 1.65 m. The coil pitches were 18.4, 27.6, and 36.8 mm, and the wire thicknesses were 1.5, 2.0,
and 2.5 mm. Tests were conducted at a saturation temperature of �191 �C, mass fluxes from 58 to 105 kg/m2 s, and heat fluxes from 22.5
to 32.7 kW/m2. A direct heating method was used to apply heat to the test tube. The boiling heat transfer coefficients of nitrogen sig-
nificantly decreased when the dryout occurred. Enhancement performance ratio (EPR), which is the ratio of heat transfer enhancement
factor to pressure drop ratio, was used to evaluate the performance of the wire coil inserts. The maximum heat transfer enhancement of
the wire coil inserted tubes over the plain tube was 174% with wire 3 having a twist ratio (p/Dw) of 1.84 and a thickness ratio (t/Dw) of
0.25. Wire 3-inserted tube showed the highest EPR among the tested tubes in this study.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Flow boiling heat transfer and pressure drop character-
istics of cryogenic fluids are very important in the design of
cryogenic systems, such as a LNG (liquefied natural gas)
vaporizer, cryogenic fluid storage vessels, air separation
systems, and aerospace systems. Generally, the boiling heat
transfer characteristics of cryogenic fluids are much differ-
ent from those of conventional refrigerants in terms of the
early dryout of liquid film and film boiling [1–4]. When
liquid film dryout or film boiling occurs, the boiling heat
transfer coefficients decrease dramatically from the values
at the pre-dryout conditions. Therefore, in order to
increase the performance of the LNG vaporizer, it is essen-
tial to enhance the boiling heat transfer coefficient of cryo-
genic fluids in its tubes.
0017-9310/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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Under the dryout and film boiling conditions, twisted-
tape inserts, wire coil inserts, and internally finned tubes
were used to increase the boiling heat transfer coefficients.
Mori et al. [5] investigated the effects of twisted-tape inserts
and wire coil inserts on the boiling heat transfer and pres-
sure drop characteristics of LNG. When the twisted-tape
and the wire coil were inserted to a plain tube, the boiling
heat transfer coefficients increased by 100–280% more than
that of the plain tube at a mass flux of 88 kg/m2 s. Nam
et al. [6] studied the effects of wire coil inserts on the boiling
heat transfer characteristics of nitrogen. The boiling heat
transfer coefficients of the wire coil inserted tube were
higher than those of a plain tube by 170–200%. Bergles
et al. [7] investigated the effects of swirl flow induced by a
twisted-tape on the dispersed flow film boiling of nitrogen.
They reported that the swirl flow enhanced the heat trans-
fer coefficients and thermal non-equilibrium.

Even though several research studies were conducted on
the boiling heat transfer characteristics in wire coil inserted
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Nomenclature

A tube inside area, m2

D tube diameter, mm
EF enhancement factor
EPR enhancement performance ratio
G mass flux, kg/m2 s
h heat transfer coefficient, W/m2 K
i enthalpy, kJ/kg
l tube length, m
_m mass flow rate, kg/s
PDR pressure drop ratio
p coil pitch, mm
Q heat transfer rate, kW
q00 heat flux, kW/m2

Re Reynolds number
T temperature, K
t wire thickness, mm
x vapor quality
z direction of tube length

Greek symbols

Dilv latent heat of vaporization per unit mass, kJ/kg
DP pressure drop, kPa
q density, kg/m3

Subscripts

en enhancement
f fluid
i inner
in inlet
l liquid
out outlet
v vapor
w wall, wire
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tubes, very few studies were focused on the effects of wire
coil geometries, such as coil pitch and wire thickness. In
addition, the effects of vapor quality were rarely reported
in literature. This study investigates the boiling heat trans-
fer and pressure drop characteristics of nitrogen in a plain
tube and wire coil inserted tubes. Especially, this study rep-
resents the effects of wire coil inserts on heat transfer char-
acteristics of nitrogen with a variation of coil pitch and
wire thickness. EPR, which is the ratio of heat transfer
enhancement factor to pressure drop ratio, was used to
evaluate the performance of the wire coil inserts.
2. Experimental setup

2.1. Test setup and instrumentation

Fig. 1 shows the experimental setup. A liquid nitrogen
tank, a test tube, a DC power supply, and post-heaters
were used. During the tests, the pressure inside the nitrogen
tank was maintained at 1.5–2.0 MPa. The outlet of the test
section was exposed to atmosphere. The pressure difference
between the nitrogen tank and ambient forced nitrogen cir-
culated into the test section. The flow rate of nitrogen was
controlled by using an adjustable needle valve. Heat was
added into the test tube by the direct heating method using
the DC power supply. A safety valve was installed at the
exit of the test tube to handle abrupt expansion of liquid
nitrogen. Post-heaters were used to increase the nitrogen
temperature to ambient temperature, which is a crucial
process for safe operation and for a volumetric flow meter
working at ambient temperature. Until the nitrogen tem-
perature reached ambient temperature at the outlet of the
test section, the nitrogen was discharged through the
bypass line without passing through the volumetric flow
meter (Fig. 1).

Fig. 2 shows the details of the test tube. The test tube,
which was made of stainless steel, had inner diameter of
10.6 mm and a length of 1.65 m. Four T-type thermocouple
probes were installed at the inlet and exit of the test tube,
the exit of the post-heaters, and the inlet of the volumetric
flow meter, respectively. Thermocouples were evenly
installed along the test tube at five positions to measure
surface temperatures. At each position, two thermocou-
ples, which were electrically insulated by thin Teflon tape,
were attached at the bottom and the top side of the test
tube. To minimize the heat gain from the ambient, a vac-
uum insulation was used on the outside of the test tube.
Dielectric and Teflon fittings across the test tube prevented
any electric leakage due to the DC power supply.

All thermocouples were calibrated by using a precision
thermometer with an accuracy of ±0.1 �C. Pressure trans-
ducers were installed at the inlet of the test tube and the
inlet of the volumetric flow meter. The measurement range
and the accuracy of the pressure transducers were 0–
250 psig and ±0.13% of the full scale, respectively. A differ-
ential pressure transducer was installed to measure the
pressure drop across the test tube. The range and the accu-
racy of the differential pressure transducer were 0–25 psid
and ±0.5% of full scale, respectively. The range and accu-
racy of the volumetric flow meter were 60–600 LPM and
±3%, respectively. The estimated uncertainties of the heat
transfer coefficients were less than 5.7%.

Fig. 3 and Table 1 show the geometries and specifica-
tions of the wire coil inserts, respectively. The coil diameter
was 10.0 mm, and the twist ratio, p/Dw, varied at 1.84,
2.76, and 3.68. The thickness ratios, t/Dw, were 0.15, 0.2,
and 0.25.
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Fig. 2. Details of the test section.

Table 1
Specification of wire coil inserts

Wire coil
no.

Tube inner diameter,
Di (mm)

Coil diameter,
Dw (mm)

W
t

Wire 1 10.6 10.0 1
Wire 2 10.6 10.0 2
Wire 3 10.6 10.0 2
Wire 4 10.6 10.0 2
Wire 5 10.6 10.0 2
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Fig. 1. Schematic of the experimental setup.
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Fig. 3. Geometries of wire coil inserts.
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2.2. Test conditions and data reduction

The tests were conducted at a saturation temperature of
�191 �C, mass fluxes from 58 to 105 kg/m2 s, and heat
fluxes from 22.5 to 32.7 kW/m2.

Estimating the exact heat input to the test tube was cru-
cial in the present experiments because even a small
amount of heat gain from the ambient can cause large devi-
ations in the determination of the nitrogen state. In order
to estimate the heat gain precisely, the nitrogen exiting
the storage tank was maintained at subcooled liquid
state, and the outlet condition of the test tube was set to
ire thickness,
(mm)

Coil pitch,
p (mm)

t/Dw p/Dw

.5 18.4 0.15 1.84

.0 18.4 0.20 1.84

.5 18.4 0.25 1.84

.0 27.6 0.20 2.76

.0 36.8 0.20 3.68
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Fig. 4. Verification of the present flow patterns by using the Steiner flow
pattern map.

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
-200

-150

-100

-50

0

50

100

150

200
T

1
 : Bottom side

T
2
 : Upper side

q"=33.6 kW/m2

T
1
 (G=56.2 kg/m2s)

T
2
 (G=56.2 kg/m2s)

T
1
 (G=70.7 kg/m2s)

T
2
 (G=70.7 kg/m2s)

T
1
 (G=85.6 kg/m2s)

T
2
 (G=85.6 kg/m2s)

T
1
 (G=105.1 kg/m2s)

T
2
 (G=105.1 kg/m2s)

T
w
(o C

)

Test section length (m)

Fig. 5. Temperature profiles on the plain tube wall.
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superheated vapor state. Therefore, the thermodynamic
properties at these locations can be determined based on
the measured temperatures and pressures. The nitrogen
was vaporized inside the test tube by the heat input. The
exact heat input, including the heat input supplied by the
DC power supply and the heat gain from the ambient,
was estimated by using Eq. (1). The boiling heat transfer
coefficients were determined by using Eq. (2). Tw in Eq.
(2) was obtained by using the equation of steady-state
radial heat conduction through the tube based on the mea-
sured outside wall temperatures. Vapor qualities of nitro-
gen were calculated by using Eq. (3)

Q ¼ Qheating þ Qgain ¼ _mðiout � iinÞ ð1Þ

h ¼ Q
AðT w � T fÞ

ð2Þ

xðzÞ ¼ iðzÞ � il

ilv

ð3Þ

The two-phase pressure drop of nitrogen inside the test
tube was obtained by subtracting the single-phase vapor
pressure drop from the total pressure drop measured as
shown in Eq. (4). The total pressure drop was measured
by using the differential pressure transducer installed be-
tween the inlet and outlet of the test tube. The single-phase
vapor pressure drop was determined by using Eq. (5), and
the length of the two-phase region in the test tube was cal-
culated by Eq. (6). Two assumptions were made in these
calculations: (1) the nitrogen at the inlet of the test tube
was at saturated liquid state, and (2) the heat input to
the test tube was provided at constant heat flux condition.
The nitrogen entering into the test tube was maintained at
slightly subcooled or saturated state by minimizing the heat
gain to the connecting tube between the storage tank and
the test tube by application of heavy insulations. The heat
gain from the ambient can vary because the tube surface
temperature increases along with the tube length. However,
the vacuum insulation prevented any unbalanced heat gain
across the whole tube length:

DP two-phase ¼ DP total � DP single-phase ð4Þ

DP single-phase ¼ ð2� ðl� ltwo-phaseÞð0:079� Re�0:25
v ÞG2Þ=ðqvDÞ

ð5Þ

ltwo-phase ¼ ðDilv=ðiout � iinÞÞ � l ð6Þ

The wire coil insert definitely enhanced the boiling heat
transfer coefficient, but it also increased the pressure drop.
Therefore, as shown in Eq. (7), the enhancement perfor-
mance ratio (EPR) was introduced in the analysis of the
test data to evaluate the performance of the wire coil inserts
by considering both the heat transfer enhancement and
pressure drop penalty [8]. Eqs. (8) and (9) show the heat
transfer enhancement factor and the pressure drop ratio,
respectively. As the EPR increases, the wire coil inserts be-
come more effective:
EPR ¼ EF=PDR ð7Þ
EF ¼ hen=h ð8Þ
PDR ¼ DP en=DP ð9Þ
3. Results and discussion

As shown in Fig. 4, the flow boiling data measured in
this study are represented in the Steiner flow pattern map
[9]. The flow patterns of the present tests are in the strati-
fied or the stratified wavy flow region. As shown in
Fig. 5, the upper and the bottom temperatures of the test
tube also indicate stratified flow patterns. Before total dry-
out of the liquid film, the temperatures at the bottom side
were very close to the saturation temperature of the nitro-
gen. However, the temperatures at the upper side were
higher than those at the bottom side. Generally, the tem-
perature difference between the upper and the bottom side
decreased with the increase of the test section length at the
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same mass flux. However, when the test length was less
than 0.83 at the mass flux of 85.6 kg/m2 s, the temperature
difference was nearly constant at 28 �C due to the existence
of the liquid film on the tube wall. The liquid film thickness
on the tube wall decreased with the increase of the test tube
length, and then finally the dryout occurred. The dryout
point moved toward the inlet of the test section with the
decrease of the mass flux at the same heat flux condition.
At the mass flux of 105.1 kg/m2 s, the stratified flow pattern
without having total dryout was maintained along the
whole length of the test section due to the thicker liquid
film at the bottom side of the tube compared with that at
the lower mass flux conditions.

Fig. 6 shows the heat transfer coefficients with vapor
quality when mass flux varies from 56.2 to 105.1 kg/m2 s
at a heat flux of 33.6 kW/m2. The heat transfer coefficients
increase with the increase of mass flux. Fig. 6 also shows
the comparison of the present data with the heat transfer
coefficients predicted by existing correlations [10,11]. The
Shah correlation [10] was one of the promising correlations
for cryogenic fluids, even though it was developed based on
the data of non-cryogenic fluids. The Hendricks et al. cor-
relation [11] was developed for dispersed film boiling of
cryogenic fluids. The present data were significantly lower
than the predictions of the Shah correlation, while they
were slightly higher than the data predicted by the Hen-
dricks et al. correlation. This trend may be due to the par-
tial wetting of the test tube by the liquid film during the
boiling process of the nitrogen.

Fig. 7 shows the heat transfer coefficients for heat flux
variation from 22.5 to 32.2 kW/m2 at a mass flux of
70.7 kg/m2 s. Generally, nucleate boiling is a dominant
heat transfer mechanism at low vapor quality. In this
region, the heat transfer coefficient was strongly dependent
on heat flux, yielding higher values with the increase of heat
flux. Under the stratified flow pattern, the liquid film defi-
cient region around the tube wall enlarged with the increase
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Fig. 6. Heat transfer coefficients with vapor quality for various mass
fluxes.
of heat flux, resulting in the rapid drop of the heat transfer
coefficient.

Fig. 8 shows the temperatures at the upper and the bot-
tom side of the wire coil inserted tube. The temperature dif-
ference between the upper and the bottom side of the tube
was approximately 3 �C in the wire coil inserted tubes,
which was considerably lower than that in the plain tube
(Fig. 5). The temperature difference in the wire coil inserted
tube may have reduced because of the swirl flow induced by
the wire coil.

Fig. 9 shows the effects of the wire coil inserts having
different wire thicknesses and a constant coil pitch of
18.4 mm. The heat transfer coefficients significantly
increased with wire coil insertion into the tube. In addition,
the heat transfer coefficients increased with the increase of
the wire thickness. When the mass flux and heat flux were
104.9 kg/m2 s and 34.1 kW/m2, respectively, the average
heat transfer coefficient of wire 3 (t/Dw = 0.25) was higher
than that of the plain tube by 174%, while it was higher
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than those of wire 1 and wire 2 by 48% and 21%, respec-
tively. The enhancement rate of the heat transfer coefficient
in the wire coil inserted tube reduced with the increase of
vapor quality. The swirl flow in the liquid film became
more active with the increase of liquid film thickness, which
yielded more heat transfer enhancement at low vapor qual-
ity because of the thicker liquid film thickness.

Fig. 10 shows the effects of the wire coil inserts having
different pitches and a constant wire thickness of 2.0 mm
Table 2
Heat transfer enhancement (%) by wire coil inserts

Wire coil no. G = 58.0 kg/m2 s G = 70.6 kg/m2 s

Wire 1 21.9 24.5
Wire 2 48.5 63.5
Wire 3 66.6 85.1
Wire 4 29.3 39.3
Wire 5 7.3 14.9
on the enhancement of the heat transfer coefficients. The
heat transfer coefficients increased with the reduction of
the coil pitch. The heat transfer coefficients of wire 2 (p/
Dw = 1.84) were higher than those of wire 4 and wire 5
by 23.7% and 40%, respectively. Table 2 shows the
enhancement rate of the heat transfer coefficients by the
wire coil inserts at various mass flux conditions. The heat
transfer enhancement rate increased with the increase of
mass flux. As the mass flux increased, the swirl flow became
much stronger and the liquid film thickness at the bottom
side of the tube increased. In addition, the dryout vapor
quality increased with the increase of mass flux.

Fig. 11 shows the pressure drop of the plain and the wire
coil inserted tubes. The pressure drop increased with the
increase of wire thickness. The pressure drop of wire 3
was higher than those of wire 1 and wire 2 by 20.7% and
7.1%, respectively, at a mass flux of 105 kg/m2 s. In addi-
tion, the pressure drop decreased with the increase of coil
pitch. The pressure drop of wire 2 was higher than those
of wire 4 and wire 5 by 11.7% and 12.1%, respectively, at
a mass flux of 105 kg/m2 s. On the other hand, the average
pressure drop at a mass flux of 56 kg/m2 s was 38% higher
than that at a mass flux of 105 kg/m2 s. The same trend was
also reported by Steiner and Schlünder [12] for these mass
and heat flux ranges. Lapin and Bauer [13] showed that the
pressure drop of cryogenic fluids having the mist flow pat-
tern was two times higher than that for the bubbly and the
annular flow pattern. The possibility that the mist flow
G = 88.0 kg/m2 s G = 104.9 kg/m2 s

35.1 42.2
92.7 126.1

170.0 173.9
54.7 72.6
32.7 36.0
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would exist in the most part of the test tube under partial
or total dryout conditions increased with the reduction of
mass flux.

Fig. 12 shows the EPR with mass flux for the wire coil
inserts. Generally, the heat transfer enhancement rate was
relatively higher than the increase of the pressure drop.
For the present test conditions, the EPR increased with
the reduction of coil pitch and the rise of wire thickness.

4. Conclusions

The boiling heat transfer characteristics of nitrogen were
experimentally investigated in a stainless steel plain tube
and wire coil inserted tubes. The existence of the stratified
flow under the present test conditions was predicted by the
Steiner flow pattern map. The partial and total dryout of
liquid film occurred in the flow boiling of nitrogen. The
value of the heat transfer coefficient increased with the
increase of mass flux, while it decreased with the increase
of heat flux because the dryout vapor quality reduced with
the increase of heat flux. The pressure drop increased with
the reduction of mass flux. The probability on the existence
of the mist flow under partial and total dryout conditions
increased with the decrease of mass flux, resulting in a
higher pressure drop. The wire coil insert induced swirl
flow, which can force the liquid film at the bottom side
to mix with the vapor at the upper side of the tube. Both
the heat transfer coefficient and pressure drop increased
with the reduction of the twist ratio p/Dw and the increase
of the thickness ratio t/Dw. Wire 3 having a p/Dw of 1.84,
and a t/Dw of 0.25 showed the best EPR among the tested
wire coil inserts.
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atlas, Düsseldorf, Germany, 1993.

[10] M.M. Shah, Prediction of heat transfer during boiling of cryogenic
fluids flowing in tubes, Cryogenics 24 (1984) 231–236.

[11] R.C. Hendricks, R.W. Graham, Y.Y. Hsu, R. Friedman, Experi-
mental heat transfer and pressure drop of liquid hydrogen flowing
through a heated tube, NASA TN D-765, 1961.

[12] D. Steiner, E.U. Schlünder, Heat transfer and pressure drop for
boiling nitrogen flowing in a horizontal tube, Cryogenics 16 (1976)
387–398.

[13] A. Lapin, E. Bauer, Pressure drop of two-phase single component
isothermal upward flow of nitrogen and methane at high pressures, in:
K.D. Timmerhaus (Ed.), Advances in Cryogenic Engineering, vol. 12,
Plenum, New York, 1967, pp. 409–418.


	Flow boiling heat transfer characteristics of nitrogen in plain and wire coil inserted tubes
	Introduction
	Experimental setup
	Test setup and instrumentation
	Test conditions and data reduction

	Results and discussion
	Conclusions
	Acknowledgements
	References


