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Abstract: This paper investigates the cryogenic heat transfer phenomena of nitrogen flowing in
helically coiled tubes under the combined effects of pseudocritical conditions, buoyancy, and coil
curvature. The ultimate goal was to design optimum heat exchangers for liquid air energy storage.
Local heat transfer coefficients were evaluated peripherally across tube cross sections. The pressure,
mass flux, and heat flux effects on the heat transfer were examined. The dual effect of buoyancy and
coil curvature on heat transfer coefficients was interpreted via a dimensionless number Ψ, which
denotes a ratio between the two effects. Results reveal that the heat transfer coefficients increase with
increasing mass flux but decreasing pressure and heat flux. The buoyancy effect dominates the heat
transfer at fluid temperatures below the pseudocritical temperature (e.g., −146.3 ◦C at 35 bar), while
the coil curvature-induced centrifugal effect dominates at higher temperatures. The heat transfer
coefficients for the helical coil were approximately 13% lower compared with those in straight tube
at fluid temperatures below the pseudocritical temperature, but their difference shrinks (<±6%) at
higher temperatures. The reason is that the benefits of coil curvature and improved turbulent mixing
on heat transfer are counteracted by the thermophysical property variation and buoyancy effect.

Keywords: supercritical nitrogen; pseudocritical; helical coil; convective heat transfer; centrifugal
force; buoyancy

1. Introduction

Heat exchangers including the coil heat exchanger (CHX) are widely used in various
industrial fields for energy transport including power plants, nuclear reactors, refrigera-
tion/HVAC systems, and heat recovery [1,2]. In particular, CHXs have been considered as
one of the most efficient heat exchanger configurations due to their compactness (i.e., high
heat transfer area to volume ratio) and good heat transfer performance [3–5]. Secondary
flow, induced by the centrifugal force exerting on the flowing fluid due to the curvature
of coiled tube, has been found to be beneficial for fluid mixing and thus can enhance
the thermal performance of a CHX under subcritical conditions [6–9]. Sreejith et al. [7]
compared heat transfer performance of a helical coil heat exchanger with a straight tube
heat exchanger under the same experimental conditions. It was found that the secondary
flows induced by the curvature of the helical coil heat exchanger were the main factor
for the enhanced heat transfer rate in relation to a straight tube heat exchanger. Results
also showed increased heat exchanger effectiveness and a greater overall heat transfer
coefficient in helical coil heat exchangers than in straight tube heat exchangers for all
considered operating conditions. Jayakumar et al. [9] numerically investigated the heat
transfer characteristics of water under turbulent regimes in vertically oriented helical coils.
It was pointed out that the best heat transfer performance was at the outer side, while
the worst was at the inner side of a specified coil cross section due to the skewed velocity
profile induced by the centrifugal force in helically coiled tubes. Oscillatory behaviors of
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the local heat transfer coefficients were discovered, which were attributed to the combined
effects of the centrifugal force, inertial force, and buoyancy force within the curved tubes.

Meanwhile thermal management demand keeps growing, as well as the need for
cryogenic heat transfer fluid alternatives [10]. Supercritical nitrogen is one of the cryogenic
heat transfer fluids that has been used in many critical applications, as it can operate below
−150 ◦C without phase change at ~35 bar line pressures. Supercritical nitrogen is employed
as heat transfer media, such as in gas liquefaction [11], cryogenic storage [12], and other
applications that require cryogenic conditions such as achieving the required temperatures
for superconducting transitions [13,14]. However, the number of studies on heat transfer
characteristics of supercritical nitrogen is much fewer than those of supercritical water
and CO2, and the database of supercritical nitrogen heat transfer is far from complete.
Among the few studies [14–17], Zhang et al. [14] investigated the flow and heat transfer
behaviors of supercritical N2 in a small vertical circular tube at different heat flux, mass flux,
and inlet fluid temperature conditions using both experiments and numerical simulations.
It was found that the local heat transfer coefficient (HTC) followed a similar trend with
supercritical water and CO2 [18–21]. That is, the local HTC of N2 first increases and then
deteriorates after reaching to a peak value near the pseudocritical point, mainly due to
local thermophysical property variation and buoyancy effect. A similar local HTC trend
of supercritical N2 internal flow heat transfer was demonstrated in a study conducted
by Wang et al. [17], and a passive heat transfer enhancement technique was employed to
improve the deterioration in local HTC after its peak value near the pseudocritical point.
Figure 1 illustrates the thermophysical properties of N2 as a function of temperature at pres-
sures of 35 bar and 40 bar, respectively, both beyond the critical pressure at 33.96 bar [22].
As the figure shows, dramatic changes in N2 thermophysical properties can be observed
near the pseudocritical temperature, and such changes are more remarkable and associated
with a narrower temperature interval at 35 bar than 40 bar. The pseudocritical temperature
is approximately −146.3 ◦C and −143.4 ◦C at 35 bar and 40 bar, respectively.

In view of the local HTC deterioration of supercritical N2 in straight tube due to
thermophysical property variation and buoyancy effect, it is intriguing to learn how N2
would behave near its pseudocritical point (i.e., cryogenic temperatures) when flowing
through a helically coiled tube under combined effects of centrifugal force, buoyancy, main
flow, and secondary flows. Unfortunately, although there are a few numerical studies on
other fluids such as water and CO2, almost no experimental studies have been presented
regarding supercritical nitrogen heat transfer in helical coiled tubes, mainly due to the
complexity of the cryogenic operating conditions and heat transfer experiments in coils
with curvature and centrifugal force. In a numerical study by Zhang et al. of supercritical
CO2 heat transfer in helically coiled tube [23], the evolution of secondary flow due to
the mixed effects of centrifugal force and buoyancy was discussed and demonstrated in
Figure 2. A dimensionless parameter Ψ was proposed to denote the ratio between gravita-
tional buoyancy force and overall curvature effect in terms of their dominance in the heat
transfer. Consequently, a flow regime map was developed based on Ψ and the inclination
angle of the centerline of the two symmetric secondary flow vortices (shown as “α” in
Figure 2c). The heat transfer was dominated by natural convection, mixed convection, and
forced convection in three different regions on the flow map, respectively. Zhao et al. [24]
numerically investigated turbulent flow behaviors and heat transfer characteristics of su-
percritical water in vertical helical tubes. It was pointed out that, compared with constant
property water flow, the secondary flow was stretched due to large buoyancy forces. The
maximum secondary flow velocity near the bottom tube wall was 17.6% higher than that
near the top wall. Additionally, the axial velocity of water was accelerated in the flow
direction due to continuous heating and thereby led to increased secondary flow intensities.
For turbulent convective heat transfer of CO2 in a helical tube at near-critical pressure,
Xu et al. [25] found larger axial velocities at the outer-bottom location of the tube cross
section and higher wall temperatures at the inner-top location. Moreover, it was noted that



Energies 2022, 15, 2752 3 of 20

the non-uniformity of the HTCs over the local tube circumference was reduced because of
the decreased buoyancy effect beyond the pseudocritical temperature region.
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Figure 1. N2 thermophysical properties in the vicinity of pseudocritical points at 35 and 40 bar pres-
sures, respectively: (a) enthalpy and specific heat; (b) thermal conductivity; (c) density; (d) viscosity
(red dotted lines indicate the pseudocritical temperatures at corresponding supercritical pres-
sures) [22] (pseudocritical temperature is approximately −146.3 ◦C and −143.4 ◦C at 35 bar and
40 bar, respectively).
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Considering the wide use of the coil heat exchanger and future demand of supercritical
nitrogen as an alternative heat transfer fluid, the study of supercritical nitrogen heat transfer
characteristics in helically coiled tubes is necessary. Such a heat transfer study is also
essential because supercritical nitrogen operates under cryogenic temperatures, which can
be used for the design of a cryogenic heat exchanger, as most previous studies focusing
on supercritical CO2 and water feature much different temperature ranges. Another
uniqueness of supercritical N2 heat transfer in a helically coiled tube is the dual effect
of buoyancy and coil curvature-induced centrifugal force. The dual effect can neither be
generated by using constant-property fluids (without dramatic thermophysical property
variation) nor in straight tube heat transfer (no coil curvature). In addition, a more detailed
experimental study is needed to complement the existing database of supercritical fluid
heat transfer in helical coil, as many of previous studies are numerical. In the present paper,
experiments were conducted in a stainless steel vertically oriented helically coiled tube
test section to investigate the convective heat transfer characteristics of nitrogen flow while
being heated over its pseudocritical point.

2. Experimental Methodology
2.1. Experimental Apparatus

The heat transfer experiments were conducted in a flow loop system, as shown in
Figure 3. Pressurized gas phase of N2 was supplied from two parallel connected gas
cylinders. The N2 flow rate was regulated by a pressure regulator, while the flow rate
reading was given via a flow meter. The system pressure was controlled using a pressure
controller. A heat exchange coil was immersed in a liquid nitrogen thermostatic bath
(~−190 ◦C) to cool N2 from gas to liquid phase. The liquid phase N2, whose temperature
was a few degrees below its pseudocritical temperature at that pressure, would enter a
vertically oriented helically coiled tube and be heated under constant heat flux conditions
throughout the test tube. The constant heat flux conditions were attained by heating the
test coil with direct electric current provided via a digital bench power supply. The entire
test tube was placed in a vacuum Perspex chamber to prevent heat loss. Two Type T
thermocouples were installed at the test tube inlet and outlet to measure the working fluid
temperatures. The fluid temperature difference between the inlet and outlet of the test tube
was deliberately controlled during experiments to fully cover the interested pseudocritical
transition region of the test fluid N2.
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A real picture of the helically coiled heat transfer test section is shown as Figure 4a.
Figure 4b is a schematic diagram of the test tube. The stainless steel coiled tube has a tube
inner and outer diameter of 4.6 and 6.4 mm and a coil curvature diameter of 71.5 mm, as
well as a coil pitch of 33 mm. A direct current power supply was used to provide electrical
heating to the entire length of the helical coil tube so that a constant heat flux condition
was ensured on the coil tube surface. Notice that helical coil tube wall temperatures were
only measured for the first 540 mm of the helical coil. According to previous supercritical
nitrogen study [14,17], the 540 mm length of heating under the experimental conditions
in present study is enough for nitrogen undergoing pseudocritical transition, as well as
offering suitable fluid temperature ranges for studying the interested heat transfer charac-
teristics. A cross section A-A’ along the heated test coil was selected to explain the local
characterizations during heat transfer experiments, as shown in Figure 4c. As the figure
demonstrates, at a certain local temperature site (e.g., A-A’), four T-type thermocouples
would be embedded into the pre-manufactured grooves on the outer surface of the test coil
at “top”, “bottom”, “inside”, and “outside” locations, respectively, with respect to the main
flow direction. There are 9 local temperature sites across the test coil (60 mm interval), so
totally 36 local temperature thermocouples. All thermocouples in the experimental system
were connected to a Graphtec data logger for real-time data acquisition.
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Figure 4. (a) Helical coil heat transfer test section within a vacuum Perspex chamber. (b) Schematic
diagram displaying the helical coil structure and part of its length. (c) Test tube cross section A-A’
(main flow direction into paper, thermocouples were installed at top, bottom, outside, and inside
locations along the coil cross section perimeter).
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2.2. Experimental Apparatus

The heat transfer coefficient (HTC) quantifies the forced convective heat transfer rate
between a heated tube wall and the heat transfer fluid. The HTC of supercritical N2 through
the heated test coil is defined as follows:

h =
q′′

(Tw − Tb)
(1)

where q′′, Tw, and Tb are the heat flux at tube wall, tube inner wall temperature, and
bulk fluid temperature, respectively. Notice that local tube outer wall temperatures were
measured through surface mounted thermocouples and that Tw, the tube inner wall tem-
peratures, can be approximately calculated using the 1-D heat conduction equation,

q′′ = k· (Tw − Touter)

(∆x)
(2)

where k, Touter, and ∆x are the thermal conductivity of the tube material (~13 W/m-K for
stainless steel 316), tube outer wall temperature directly measured by thermocouples, and
tube wall thickness (0.9 mm), respectively.

The actual heat flux values used in Equation (3) below for data reduction always took
into account the heat loss of the experimental system, which was approximately 10% of
the total input power, though the heat transfer coil was placed in a vacuum environment
to prevent heat loss. The system heat loss was determined through power calibration
experiments by comparing the actual input power from power supply and the enthalpy
difference of the test fluid between the inlet and outlet of the test tube. The enthalpy
difference was experimentally acquired based on the measured inlet and outlet fluid
temperatures and N2 thermophysical properties from the National Institute of Standards
and Technology (NIST) database. The local bulk fluid temperature Tb was obtained by
looking up the NIST N2 property table based on local N2 enthalpy, which was calculated
as follows:

Hlocal = Hin + 4· q
′′

G
· x
d

(3)

where Hlocal, Hin, G, x, d is the local fluid enthalpy, fluid inlet enthalpy, fluid mass flux, axial
location along the test tube length and the tube inner diameter, respectively.

Furthermore, the sensors used for the experimental measurements and their associated
uncertainties are specified in Table 1. All the sensors were calibrated before the heat transfer
experiments. For example, thermocouple readings were calibrated under both isothermal
and heating/cooling temperature conditions. Thermocouple calibration equations were
applied to each thermocouple reading for more accurate results. The uncertainty analysis
of experimental results (i.e., mainly HTC values) was conducted following the multivariate
propagation of error approach, as below in Equation (4). The final experimental uncer-
tainty values were reflected against the HTC values of supercritical N2, as indicated in
Appendix A, Tables A1–A8.

σU =

√(
∂U
∂X1

)2
σX1

2 +

(
∂U
∂X2

)2
σX2

2 + . . . +
(

∂U
∂Xn

)2
σXn

2 (4)

where:

U: given function of independent variables, U = U (X1, X2, . . . . . . , Xn);
Xn: independent variable;
σXn: uncertainty associated with corresponding independent variable, Xn;
σU: uncertainty associated with dependent variable U.
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Table 1. Measured variables, instruments, and the associated uncertainties.

Measured Parameters Uncertainties Instruments Specifications (Accuracies)

Pressure ±0.05 Bar Alicat scientific pressure measuring
and controller, PCH-100 PSIA ±0.125% of read value

Power ±1 W
Elektro-Automatik Analogue, digital

bench power supply,
EA-PS 9080-120-2U

<0.1% of read value
<0.002 Volt

<0.08 Ampere

T ±0.5 ◦C Thermon Ltd., type-T thermocouple ±0.5 ◦C

Flow rate ±0.3 L/min Omega, FMA-A2323 digital flowmeter ±1% of full scale
±0.3 SLM

L ±1 mm SS316 stainless steel tube ±1 mm of length

d ±0.1 mm SS316 stainless steel tube ±0.1 mm of diameter

3. Results
3.1. Effects of Heating Power, Flow Rate, and Pressure on Heat Transfer

Forced convective heat transfer experiments of nitrogen undergoing pseudocritical
transition were conducted in the helical coil test system. Various experimental conditions,
including line pressures (35, 40 bar), constant heat fluxes (8.1, 9.3, 11.2 kW/m2), and mass
fluxes (38.1, 50.8 kg/m2-s) were surveyed in order to uncover the effects of heating power,
flow rate, and pressure on near pseudocritical N2 heat transfer in a helically coiled tube.
The 35 bar pressure was chosen to feature the unique thermophysical property variation of
nitrogen at its pseudocritical point, while the 40 bar was a case of comparison. The heat
flux and mass flux values were picked based on other supercritical nitrogen studies in the
literature [8–10] and more importantly to enable the occurrence of the interested nitrogen
pseudocritical transition within the heat transfer test section. The 38.1 and 50.8 kg/m2-s
mass fluxes were selected also to ensure turbulent flow conditions in the test coil, with
approximate Reynolds number range of 4300 < Re < 18100.

As shown in Figure 5, for all measuring locations along the tube periphery (top, bottom,
inside, outside in Figure 4), the overall N2 heat transfer coefficients (HTCs) averaged
over the longitudinal length of the helical coil test tube decrease as the applied heat flux
increases, at both 35 and 40 bar pressures. The HTC decline might be caused by N2
thermophysical property variation and elevated buoyancy effect due to the increased heat
flux, with more fluid with lower thermal conductivity accumulated near the heated tube
wall. It can also be observed from the figure that, at the same pressure, greater HTC
values are achieved at higher mass fluxes because of the improved turbulent mixing and
fluid–tube wall interaction. Furthermore, increasing system pressure from 35 to 40 bar
leads to declines in HTC values, as illustrated in Figure 6. This is mainly because the heat
capacity and thermal conductivity of N2 at 35 bar pressure, as they undergo sharp increases
in values in the vicinity of pseudocritical point, are higher than those at 40 bar pressure
(see Figure 1). Figure 6 also shows that the differences between HTC values of 35 bar
and 40 bar are enlarged as N2 mass flow rate increases, indicating that fluid velocity and
thermal responding time (the time needed to transfer a certain amount of heat)—not only
the thermophysical properties—should be considered when evaluating the overall thermal
performance of certain heat transfer fluids in specific applications. Furthermore, it is worth
noting that the difference between inside and outside HTCs is smaller at 38.1 kg/m2-s
than 50.8 kg/m2-s, especially at 40 bar pressure. The reason is that the effect of main fluid
velocity shift is more significant to the outside of the tube cross section at a higher mass
flux. Overall, the findings in Figures 5 and 6 are consistent with the heat transfer results in
the literature for supercritical N2, water, and CO2 [14,17,18,20] and thus provide validation
of the experimental design and construct in the present study.
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Figure 5. Effects of heat flux and flow rate on average heat transfer coefficients over the entire coil
test section at (a) 35 bar 38.1 kg/m2-s, (b) 35 bar 50.8 kg/m2-s, (c) 40 bar 38.1 kg/m2-s, (d) 40 bar
50.8 kg/m2-s (refer to Figure 4c for illustration of “Top”, “Bottom”, “Inside”, “Outside” positions
along the periphery of a helical coil cross section).
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Figure 6. Effect of pressure on average heat transfer coefficients over the entire coil test section at
(a) 38.1 kg/m2-s, (b) 50.8 kg/m2-s (refer to Figure 4c for illustration of “Top”, “Bottom”, “Inside”,
“Outside” positions along the periphery of a helical coil cross section).
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3.2. Effects of Buoyancy and Coil Curvature-Induced Centrifugal Force on Heat Transfer

One uniqueness of supercritical N2 heat transfer in a helically coiled tube is the dual
effect of buoyancy and coil curvature-induced centrifugal force. The dual effect can neither
be generated by using constant-property fluids (without dramatic thermophysical property
variation) nor in straight tube heat transfer (no curvature). Along the cross-sectional
periphery at each axial measuring location, wall temperatures and corresponding HTCs
are determined at top, bottom, inside, and outside of the cross section (see Figure 4) to
characterize the dual effect of buoyancy and centrifugal force on convective heat transfer
since buoyance drives colder fluid to the bottom of the tube [14–16], and centrifugal force
makes the main fluid velocity shift to the outside [7,9]. Secondary flows within the cross-
sectional planes of the helical coil and their contributions to overall heat transfer are affected
by the dual effect as well; for example, secondary flow vortices are rotated to a certain angle
depending on the dominant force exerted on the fluid, as displayed in Figure 2 [23–25].
Zhao et al. [24] also found that the maximum secondary flow velocity near the bottom tube
wall was 17.6% higher than that near the top wall for supercritical water in a helical coil.

Based on the local inner wall temperatures of the coiled tube (see Figure A1 for
temperature profile examples), Figures 7 and 8 illustrate the local HTCs of supercritical
N2 passing through the heated helical coil under various flow rate and constant heat flux
conditions at 35 and 40 bar pressure, respectively. The red dotted vertical line in each figure
denotes the pseudocritical temperature under the corresponding pressure (−146.3 ◦C at
35 bar, −143.4 ◦C at 40 bar). According to both Figures 7 and 8, local HTCs at tube bottoms
are the highest but lowest at tube tops before the pseudocritical points, suggesting buoyancy
is the dominant effect on heat transfer within the relevant experimental conditions as colder
N2 moved to the tube bottom but hotter and more “gaseous” N2 accumulated at the top
of the tube with lower thermal conductivity, density, and viscosity. The secondary flow
vortices might be stretched as well, resulting in higher secondary flow velocities at the tube
bottom [24]. While as N2 temperature goes higher along the coil axis and eventually passes
the pseudocritical temperature, the highest HTCs are shifted towards the tube outside. This
is because the main fluid velocity, which is shifted to the tube outside under coil curvature-
induced centrifugal force, starts to play a more dominant role in local heat transfer due to
the accelerated fluid flow beyond the pseudocritical point [24]. Another notable discovery
is that the fluid temperature changes are much smaller among axial measuring locations
near the pseudocritical point than the locations before and after the point in Figure 7 for
35 bar pressure, whereas the same situation is moderated in Figure 8 for 40 bar pressure.
The fluid temperature results make sense because supercritical N2 experiences an extreme
specific heat increase at its pseudocritical point at 35 bar while the increment of specific heat
at 40 bar is small (see Figure 1). In addition, the consistencies between fluid temperature
results and theoretical fluid thermophysical properties further validate the experiments in
the present study.
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Figure 7. Cont.
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Figure 7. Local heat transfer coefficients along the test coil at 35 Bar: (a) 38.1 kg/m2-s, 8.1 kW/m2;
(b) 50.8 kg/m2-s, 8.1 kW/m2; (c) 38.1 kg/m2-s, 9.3 kW/m2; (d) 50.8 kg/m2-s, 9.3 kW/m2;
(e) 38.1 kg/m2-s, 11.2 kW/m2; (f) 50.8 kg/m2-s, 11.2 kW/m2 (refer to Figure 4c for illustration
of “Top”, “Bottom”, “Inside”, “Outside” positions along the periphery of a helical coil cross section).
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Figure 8. Local heat transfer coefficients along the test coil at 40 Bar: (a) 38.1 kg/m2-s, 8.1 kW/m2;
(b) 50.8 kg/m2-s, 8.1 kW/m2; (c) 38.1 kg/m2-s, 9.3 kW/m2; (d) 50.8 kg/m2-s, 9.3 kW/m2;
(e) 38.1 kg/m2-s, 11.2 kW/m2; (f) 50.8 kg/m2-s, 11.2 kW/m2 (refer to Figure 4c for illustration
of “Top”, “Bottom”, “Inside”, “Outside” positions along the periphery of a helical coil cross section).

A dimensionless number Ψ was proposed in the study by Zhang et al. of supercritical
CO2 heat transfer in a heliacally coiled tube [17] to represent the ratio between buoyancy
and the curvature effect on heat transfer, which is defined as follows,

Ψ =
Grg

/[
2·De∗2·(2− ρw/ρb)

] (5)

Grg = g·ρb − ρw

ρb
·d

3

v2 (6)

De∗ = Re·
√

r/R
/√

1 + p/2πR (7)

where Grg and De* are the gravitational Grashof number for buoyancy effect and the
modified Dean number for curvature-induced centrifugal effect, respectively. ρw, ρb, d, g, Re,
r, R, p, and v are fluid density near coil tube wall, bulk fluid density, coil tube inner diameter,
gravitational acceleration, Reynolds number, tube inner radius, coil curvature radius, coil
pitch, and fluid kinematic viscosity, respectively. Accordingly, Ψ was calculated based on
the heat transfer results of supercritical N2 in present study to explain the corresponding
HTC results as well as to provide guidance for the future design of a supercritical N2
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heat exchanger. As Figure 9 shows, the Ψ values are generally lower for higher flow rate
because higher flow rate leads to more curvature-induced centrifugal effect, whereas the
comparison between Ψ values at higher and lower pressures is a balance between both
intensified buoyance and centrifugal effects due to fluid thermophysical property variation,
i.e., decreased viscosity and increased fluid velocity. Furthermore, according to the flow
regime map from Zhang et al. [23] for Ψ values of supercritical CO2, the Ψ values of
supercritical N2 in Figure 9 fall into the “mixed convection” region (50 > Ψ > 1), where
both buoyancy and centrifugal effects contribute to the heat transfer. In addition, it can be
seen from Figure 9 that the Ψ values of supercritical N2 are much greater than 1 (~10–20)
at fluid temperatures below the pseudocritical temperature and rapidly drop to be close
to 1 at higher temperatures due to the sharp thermophysical property change of N2 at its
pseudocritical point, e.g., sharp decrease in viscosity shown in Figure 1. Therefore, the
trend of Ψ values around the pseudocritical point is consistent with the local HTC results
in Figures 7 and 8, in which the buoyancy effect dominates the supercritical N2 convective
heat transfer in the helically coiled tube at fluid temperatures below the pseudocritical
temperature, but the coil curvature-induced centrifugal effect starts playing more important
roles as fluid temperature increases—i.e., as the Ψ value gets close to 1.
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Figure 9. Dimensionless number Ψ indicating the ratio between buoyancy and coil curvature effects
at (a) 35 bar 38.1 kg/m2-s, (b) 35 bar 50.8 kg/m2-s, (c) 40 bar 38.1 kg/m2-s, (d) 40 bar 50.8 kg/m2-s.
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3.3. Comparison between Heat Transfer in Helically Coiled Tube and Straight Tube

For subcritical constant-property fluids—i.e., without sharp thermophysical property
change when the condition varies—internal flow convective heat transfer is improved in
the helically coiled tube compared with heat transfer in the straight tube due to enhanced
turbulent mixing [7,8,26]. However, the comparison between helical coil and straight tube
becomes more complex for supercritical fluids with dramatic thermophysical variations
near pseudocritical points. For example, under the effects of thermophysical property
change and buoyancy, the orientation of the test tube would have stronger impact on heat
transfer in the helically coiled tube. To further evaluate the heat transfer performance of
supercritical N2 in the vertical helical coil, the heat transfer results in the present study are
compared with the corresponding results in a vertically oriented straight tube under the
same experimental conditions, as demonstrated in Figures 10 and 11 for 35 bar and 40 bar
pressure, respectively. More details regarding the experimental setup for straight tube
experiments can be found in [17,27]. Note the local HTC values from the bottom measuring
locations in the helically coiled tube were used for the comparisons since the fluids near
the coiled tube bottom may be subject to low levels of buoyancy (i.e., lighter fluid tend to
move up) and centrifugal effects (i.e., main flow shift to the outside of the coil), and hence,
HTCs from the coil tube bottom are the more appropriate counterparts for the local HTC
values in the vertical straight tube.
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Figure 10. Cont.
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Figure 10. Comparisons of overall heat transfer coefficients between coiled tube and straight tube
at 35 bar (a) 38.1 kg/m2-s, 8.1 kW/m2; (b) 50.8 kg/m2-s, 8.1 kW/m2; (c) 38.1 kg/m2-s, 9.3 kW/m2;
(d) 50.8 kg/m2-s, 9.3 kW/m2; (e) 38.1 kg/m2-s, 11.2 kW/m2; (f) 50.8 kg/m2-s, 11.2 kW/m2.
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Figure 11. Comparisons of overall heat transfer coefficients between coiled tube and straight tube
at 40 bar (a) 38.1 kg/m2-s, 8.1 kW/m2; (b) 50.8 kg/m2-s, 8.1 kW/m2; (c) 38.1 kg/m2-s, 9.3 kW/m2;
(d) 50.8 kg/m2-s, 9.3 kW/m2; (e) 38.1 kg/m2-s, 11.2 kW/m2; (f) 50.8 kg/m2-s, 11.2 kW/m2.

It can be observed from the figures that the local HTC values of supercritical N2 in the
helically coiled tube are not higher than those in the straight tube under the same experi-
mental conditions, including pressures (35, 40 bar), heat fluxes (8.1, 9.3, 11.2 kW/m2), and
mass fluxes (38.1, 50.8 kg/m2-s). Specifically, higher straight tube HTC values occur more
at fluid temperatures below the pseudocritical temperature, while the HTC values move to
be close with each other between straight tube and helical coil for fluid temperatures above
the pseudocritical temperature. One possible reason is that the effects of sharp specific
heat increase and coil curvature-induced turbulent mixing gets attenuated by the buoyancy
effect as the vertical helical coil has a flow orientation in between a vertically and hori-
zontally oriented tube; while for fluid temperatures above the pseudocritical temperature,
the fluid circulation due to difference in fluid temperature is weakened as supercritical N2
becomes more “gaseous” with much lower thermal conductivity, density, and viscosity,
thereby leading to reduced differences in HTC values between straight tube and helical coil.
Furthermore, the HTC comparison between supercritical fluid in a straight tube and helical
coil is scarce in literature and there are inconsistencies among the results of existing studies.
For example, although higher HTC values were reported in a helical coil than in a straight
tube for supercritical fluid [28], results from other supercritical fluid studies [23,29,30] show
either lower or equal HTC values in helical coils compared with those in straight tubes.
Overall, heat transfer of supercritical N2 in a helically coiled tube is a complex problem
that depends on various factors such as test tube orientation, fluid temperature region, and
operating pressure, so that its comparison with heat transfer results in straight tube should
be further studied and discussed on a case by case basis.

4. Conclusions

In the present study, forced convective heat transfer experiments of N2 near its pseu-
docritical point (e.g., −146.3 ◦C at 35 bar) were conducted under various experimental
conditions, including pressure (35, 40 bar), mass flux (38.1, 50.8 kg/m2-s), and constant
heat flux (8.1, 9.3, 11.2 kW/m2). The heat transfer results were analyzed to show the effects
of buoyance and curvature-induced centrifugal force, as well as different experimental
conditions on the heat transfer behaviors of near pseudocritical N2 in a helically coiled
tube, which is essential for the future design of cryogenic heat exchangers—e.g., in liquid
air energy storage. The main concluding remarks are as follows:
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• The heat transfer coefficients (HTCs) of near pseudocritical nitrogen increase with the
increase in mass flux but decrease with the increment in heat flux and pressure in the
helically coiled tube.

• The local HTCs of the nitrogen follow the same trend as other supercritical fluids, such
as water and CO2—that is, they first increase to a peak value in the vicinity of the pseu-
docritical point but then dramatically drop as the fluid temperature keeps increasing.

• The local HTCs are highest at the bottom measuring position of a local coil cross
section at fluid temperatures below the pseudocritical temperature featuring the
buoyancy effect, but they are at the outside position for higher fluid temperatures as
the fluid accelerates, and thereby the curvature-induced centrifugal effect starts to
have stronger impact.

• The values of dimensionless number Ψ, which is a ratio between the effect of buoyance
and curvature, indicate the mixed convection nature of near pseudocritical N2 heat
transfer in the helically coiled tube—i.e., depending on the dual effect of buoyancy
and curvature. The Ψ values are much greater than 1 at fluid temperatures below
the pseudocritical temperature, suggesting that the heat transfer is dominated by the
buoyancy effect while the Ψ values are getting close to 1 at fluid temperatures above,
showing that the coil curvature-induced centrifugal effect plays a more important role
in the dual effect at higher temperatures.

• When compared with the HTCs of supercritical N2 in a straight tube under similar
experimental conditions, the HTCs in the helical coil are ~13% lower at fluid tem-
peratures below the pseudocritical temperature but close to the straight tube values
(<±6%) at higher fluid temperatures, as the effects of curvature and improved turbu-
lent mixing are moderated by the effect of buoyance at fluid temperatures below the
pseudocritical temperature.

In the future, heat transfer experiments in different helical coil structures under more
experimental conditions, including those with passive heat transfer enhancement tech-
niques [3,26,31], are needed not only to confirm the heat transfer results of supercritical
N2 in a helically coiled tube but also to complement the database for a potential universal
heat transfer correlation. It is also desirable to have numerical simulations that can provide
visualized in-tube flow patterns to help further explain the mechanisms behind the heat
transfer findings.
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Nomenclature

Latin symbols
Cp specific heat, J/(kg·K) T temperature, ◦C

d coil tube inner diameter, mm U
a given function of independent
variables Xn

D coil curvature diameter, mm x local axial location, mm
De* modified Dean number ∆x tube wall thickness, mm
fb buoyancy force, N Xn nth independent variable
fc centrifugal force, N q′′ heat flux, W/m2

g gravitational acceleration, m/s2

G mass flux, kg/(m2·s) Greek symbols

Gr Grashof number Ψ
the ratio of gravitational buoyancy to
curvature effect

Grg gravitational Grashof number α
the incline angle of secondary vortices
symmetric line, ◦

h heat transfer coefficient, W/(m2·K) σ uncertainty of a certain variable
H specific enthalpy, kJ/kg ρ density, kg/m3

HTC heat transfer coefficient µ dynamic viscosity, Pa·s
Hin inlet specific enthalpy, kJ/kg v kinematic viscosity, m2/s
k thermal conductivity, W/(m·K)
L length, m Subscripts
N2 nitrogen b bulk fluid
P pressure, Pa local local value along test tube axis
p coil pitch, mm outer outer tube wall
R coil curvature radius, mm pc pseudocritical point
Re Reynolds number w tube wall

Appendix A
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Figure A1. Local inner wall temperatures along the test coil at 9.3 kW/m2: (a) 35 bar, 38.1 kg/m2-s;
(b) 35 bar, 50.8 kg/m2-s; (c) 40 bar, 38.1 kg/m2-s; (d) 40 bar, 50.8 kg/m2-s (refer to Figure 4c for
illustration of “Top”, “Bottom”, “Inside”, “Outside” positions along the periphery of a helical coil
cross section).
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Table A1. Calculated uncertainties of HTCs measured at coil cross section top in experimental cases
at 35 bar.

HTCtop
Uncertainty

38.1 kg/m2-s,
8.1 kW/m2

38.1 kg/m2-s,
9.3 kW/m2

38.1 kg/m2-s,
11.2 kW/m2

50.8 kg/m2-s,
8.1 kW/m2

50.8 kg/m2-s,
9.3 kW/m2

50.8 kg/m2-s,
11.2 kW/m2

Max. 11.28% 11.02% 10.75% 11.40% 11.28% 10.84%
Min. 10.39% 10.27% 10.24% 10.84% 10.52% 10.37%
Mean 10.80% 10.62% 10.46% 11.18% 10.89% 10.60%
Std. 0.26% 0.28% 0.21% 0.18% 0.23% 0.15%

Table A2. Calculated uncertainties of HTCs measured at coil cross section bottom in experimental
cases at 35 bar.

HTCbottom
Uncertainty

38.1 kg/m2-s,
8.1 kW/m2

38.1 kg/m2-s,
9.3 kW/m2

38.1 kg/m2-s,
11.2 kW/m2

50.8 kg/m2-s,
8.1 kW/m2

50.8 kg/m2-s,
9.3 kW/m2

50.8 kg/m2-s,
11.2 kW/m2

Max. 13.30% 12.24% 11.58% 13.02% 12.40% 11.57%
Min. 10.48% 10.33% 10.28% 10.90% 10.65% 10.43%
Mean 11.46% 11.04% 10.74% 11.74% 11.35% 10.87%
Std. 1.03% 0.74% 0.52% 0.70% 0.65% 0.40%

Table A3. Calculated uncertainties of HTCs measured at coil cross section bottom in experimental
cases at 35 bar.

HTCinside
Uncertainty

38.1 kg/m2-s,
8.1 kW/m2

38.1 kg/m2-s,
9.3 kW/m2

38.1 kg/m2-s,
11.2 kW/m2

50.8 kg/m2-s,
8.1 kW/m2

50.8 kg/m2-s,
9.3 kW/m2

50.8 kg/m2-s,
11.2 kW/m2

Max. 12.01% 11.53% 11.12% 12.07% 11.77% 11.16%
Min. 10.41% 10.29% 10.24% 10.90% 10.55% 10.36%
Mean 11.09% 10.79% 10.57% 11.45% 11.09% 10.74%
Std. 0.54% 0.46% 0.33% 0.32% 0.39% 0.27%

Table A4. Calculated uncertainties of HTCs measured at coil cross section outside in experimental
cases at 35 bar.

HTCoutside
Uncertainty

38.1 kg/m2-s,
8.1 kW/m2

38.1 kg/m2-s,
9.3 kW/m2

38.1 kg/m2-s,
11.2 kW/m2

50.8 kg/m2-s,
8.1 kW/m2

50.8 kg/m2-s,
9.3 kW/m2

50.8 kg/m2-s,
11.2 kW/m2

Max. 12.06% 11.65% 11.08% 12.28% 11.83% 11.32%
Min. 10.59% 10.33% 10.29% 10.98% 10.70% 10.45%
Mean 11.28% 10.90% 10.65% 11.59% 11.17% 10.80%
Std. 0.50% 0.46% 0.31% 0.36% 0.33% 0.25%

Table A5. Calculated uncertainties of HTCs measured at coil cross section top in experimental cases
at 40 bar.

HTCtop
Uncertainty

38.1 kg/m2-s,
8.1 kW/m2

38.1 kg/m2-s,
9.3 kW/m2

38.1 kg/m2-s,
11.2 kW/m2

50.8 kg/m2-s,
8.1 kW/m2

50.8 kg/m2-s,
9.3 kW/m2

50.8 kg/m2-s,
11.2 kW/m2

Max. 11.12% 11.00% 10.73% 11.12% 11.44% 11.13%
Min. 10.45% 10.31% 10.22% 10.45% 10.52% 10.39%
Mean 10.83% 10.64% 10.40% 10.83% 10.92% 10.70%
Std. 0.23% 0.26% 0.18% 0.23% 0.31% 0.24%
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Table A6. Calculated uncertainties of HTCs measured at coil cross section bottom in experimental
cases at 40 bar.

HTCbottom
Uncertainty

38.1 kg/m2-s,
8.1 kW/m2

38.1 kg/m2-s,
9.3 kW/m2

38.1 kg/m2-s,
11.2 kW/m2

50.8 kg/m2-s,
8.1 kW/m2

50.8 kg/m2-s,
9.3 kW/m2

50.8 kg/m2-s,
11.2 kW/m2

Max. 12.18% 11.96% 11.06% 12.18% 12.55% 11.79%
Min. 10.56% 10.34% 10.26% 10.56% 10.63% 10.47%
Mean 11.24% 10.94% 10.55% 11.24% 11.35% 10.98%
Std. 0.52% 0.58% 0.31% 0.52% 0.70% 0.50%

Table A7. Calculated uncertainties of HTCs measured at coil cross section inside in experimental
cases at 40 bar.

HTCinside
Uncertainty

38.1 kg/m2-s,
8.1 kW/m2

38.1 kg/m2-s,
9.3 kW/m2

38.1 kg/m2-s,
11.2 kW/m2

50.8 kg/m2-s,
8.1 kW/m2

50.8 kg/m2-s,
9.3 kW/m2

50.8 kg/m2-s,
11.2 kW/m2

Max. 11.53% 11.43% 10.84% 11.53% 11.85% 11.33%
Min. 10.49% 10.31% 10.23% 10.49% 10.52% 10.40%
Mean 11.07% 10.80% 10.46% 11.07% 11.03% 10.80%
Std. 0.36% 0.40% 0.24% 0.36% 0.47% 0.32%

Table A8. Calculated uncertainties of HTCs measured at coil cross section outside in experimental
cases at 40 bar.

HTCoutside
Uncertainty

38.1 kg/m2-s,
8.1 kW/m2

38.1 kg/m2-s,
9.3 kW/m2

38.1 kg/m2-s,
11.2 kW/m2

50.8 kg/m2-s,
8.1 kW/m2

50.8 kg/m2-s,
9.3 kW/m2

50.8 kg/m2-s,
11.2 kW/m2

Max. 11.81% 11.57% 10.78% 11.81% 11.90% 11.39%
Min. 10.52% 10.33% 10.26% 10.52% 10.60% 10.46%
Mean 11.10% 10.83% 10.48% 11.10% 11.19% 10.86%
Std. 0.40% 0.42% 0.19% 0.40% 0.45% 0.30%
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