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Abstract: The spiral-wound heat exchanger is a key equip-
ment in the liquefied natural gas application, but the flow
and heat transfer mechanisms remain unclarified. In this
study, a three-dimensional numerical model is created,
focusing on exploring the impact of four crucial structural
parameters on the flow and heat transfer performance of
natural gas, including the external diameter of tubes, the
diameter of the core cylinder, the longitudinal pitch of
tubes in the same layer, and the radial pitch of tube bun-
dles between the adjacent layer. It was found that the tube
diameter, core cylinder diameter, and radial pitch had sig-
nificant effects on Nu and Ap,. The optimal Nu on the shell
side was obtained at medium core cylinder size. The long-
itudinal pitch had a weak effect on the performance of both
sides, and the longitudinal pitch corresponding to the max-
imum values of Nu and Ap,, on both sides increased with the
increase in the inlet Reynolds number. Under the effect of
centrifugal force, a shifted tendency was shown by the velo-
city and temperature fields.
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1 Introduction

With global economic development and population density
growth, energy demand has been increasing by 0.6-1.5%
per year since 2015 [1]. To address the growing challenges
of climate change and the depletion of fossil fuels, ambi-
tious energy and climate targets have been set at both
national and global levels [2], and clean energy is high-
lighted as a main measure to achieve targets. The main
component of natural gas is methane, which is widely
used because of its advantages of clean and efficient com-
bustion, reliable and durable supply, easy storage, and
transportation. It has also become the fastest growing pri-
mary energy source. During medium and long-distance
transportation, gas is often converted into liquefied nat-
ural gas (LNG). The most important piece of heat transfer
equipment in a baseload LNG unit is the main cryogenic
heat exchanger for natural gas cooling, condensation, and
liquefaction [3]. The liquefaction process accounts for more
than 40% of the input cost of LNG in the whole stage from
production to user consumption [4]. In a natural gas lique-
faction plant, the direct investment of the main low-tem-
perature heat exchanger accounts for about 30% of the
total investment cost of the liquefaction process, and the
energy consumption caused by the energy loss of the main
heat exchanger accounts for about 25% of the total energy
consumption of the liquefaction process [5]. Therefore, the
accurate design of the main heat exchanger is of great sig-
nificance for reducing the investment cost, energy conserva-
tion, and emission reduction. At present, spiral-wound heat
exchanger (SWHE) has shown a good application prospect in
the field of LNG [6]. Therefore, it is of great importance to
investigate the internal flow heat exchanger performance of
SWHE for LNG.

Researchers are mostly looking at the flow and heat
transfer of the working medium in the winding pipe when
it comes to the secondary flow, the single-phase flow,
and the gas-liquid two-phase flow of the normal working
medium right now. Lei and Bao [7] analyzed the influence
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of secondary flow and buoyancy effects on thermal perfor-
mance under different operating conditions and structural
parameters. They proposed the laminar mixed convective
heat transfer prediction correlation formula for supercritical
RP-3 in spiral-winding tubes. Santini et al. [8] experimentally
studied the forced convection boiling heat transfer of water
in a full-size spiral-wound tube steam generator. Wu et al. [9]
discussed the distribution characteristics in the gas-liquid
two-phase tubes and the influence of structural parameters
on the boiling heat transfer process of the working medium
in the winding round tube bundle, considering the effects of
viscous force, centrifugal force, and gravity. Wu et al [10]
explored the heat transfer coefficient, secondary flow pattern,
and circumferential temperature distribution of the tube
cross section. Chang et al [11] discussed the wall temperature
distribution and heat transfer coefficient by investigating the
thermal-hydraulic characteristics of supercritical water with
a high mass flow rate in a vertical spiral tub. Chang et al. [12]
fitted the corresponding flow boiling heat transfer correlation
formula for different flow patterns, introduced structural
parameters and heating conditions, and achieved good pre-
diction effect. Jayakumar et al [13] pointed out that a suitable
model could not be generated by specifying boundary condi-
tions with constant temperature or constant heat flow for
practical heat exchangers and proposed a heat transfer cor-
relation formula considering convection heat transfer of
working medium on hoth sides and heat conduction at a solid
wall. Mirgolbabaei et al [14] discussed the influence of Rey-
nolds number, the radius ratio of winding coil to pipe, and the
dimensionless pitch ratio on forced convection heat transfer
of water on both sides of vertical spiral tubes. Genic et al. [15]
put forward the correlation formula of water heat transfer
with hydraulic diameter of shell side as characteristic length
when Reynolds number is 1,000-9,000. Lu et al [16] found
that multi-layer heat exchange tube winding has better heat
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transfer performance, and fitted the correlation between flow
and heat transfer with Reynolds number in the range of
1,500-5,500. Haskins and Ei [17] investigated the flow loss
on the shell side under adiabatic conditions by numerical
simulation, and friction coefficient correlations were fitted
to the obtained data for a large range of Reynolds numbers,
with an error within +6%. Zachar [18] studied the SWHE
natural convection outside the tube and the heat transfer in
the tube flow. The numerical simulation results of the tube-
side heat transfer were compared with the experimental
results and empirical formulas to verify the reliability of
the numerical simulation, and it was found that the flow
was in a laminar state for the natural convection on the
shell-side. For boiling on the shell side of SWHE, the dryness
of the working medium gradually increases, and the gas-
phase shear effect and liquid wettability change of two-phase
fluid lead to more complex heat transfer and pressure drop
characteristics than single-phase fluid flow [19-21]. Neeraas
et al [22] tested the heat transfer characteristics of liquid
falling-film flow for hydrocarbons and corresponding mix-
tures at Reynolds numbers ranging from 500 to 8,000 and
recommended the Bays and McAdams correlation equation
[23] to predict heat transfer properties. Ding et al. [19] took
propane as the experimental working medium and estab-
lished a shell side two-phase flow heat transfer and pressure
drop correlation equation explicitly related to operating para-
meters and pipe pitch.

However, regarding the research of flow and heat
transfer characteristics in SWHE, the current literature
focuses on simple working mediums such as water, air,
and pure refrigerant, with few studies on LNG. Due to
the large number of grids needed to carry out numerical
research on SWHE, most studies adopt thermal boundary
conditions such as constant wall temperature or constant
heat flux to explore the influence of structural parameters
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Figure 1: Axial section of SWHEs and schematic diagram of a single tube.




DE GRUYTER

Table 1: Structural parameters of SWHE

Parameters (mm) Value
do 10-16
D, 70-280
P 19-25
P, 18-24
fin 2.0
fout 2.0

n 15

H 450

on single-side flow and heat transfer characteristics, and
the actual influence of LNG on both sides is still unclear. A
three-dimensional numerical model was created in this
work to investigate the impact of four critical structural
characteristics on natural gas flow and heat transfer
performance.

2 Physical model and numerical
method of SWHE

2.1 Physical model

Figure 1 shows the axial profile of SWHE and the local
schematic diagram of a single spiral tube, in which the
structural parameters include the outer diameter of the
heat exchange tube (d,), the axial distance of the heat
exchanger tube (HEB) in the same layer (P), the winding
pitch of HEB (H)), the radial distance of HEB in adjacent
layers (P,), the axial distance of HEB in adjacent layers (P,),
the core tube’s diameter (D.), and the outer diameter of the
shell (D,). fin represents the clear distance between the
innermost HEB and core wall surface, f,, refers to the
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Figure 3: Grid independence test.

clear distance between the outermost HEB and shell wall
surface, and the winding angle is f5.

The winding diameter of the tube bundles in different
layers is represented as D; (i = 1, 2, 3), where the subscript i
denotes the layer number. The corresponding number of
winding round tubes in each layer is N;, and their relation-
ship can be expressed as follows:

niD; - tan B = PiN,, @

D; =D + 2f, + 2(i - DR + d,, )
P|N;

tan f = =L 3)

n[De + 2f, +2(i - DB + d,]

2.2 Numerical model

This study focuses on a three-layer SWHE with an effective
axial heat transfer height of 450 mm. The basic structural
parameters are listed in Table 1. The remaining parameters
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Figure 2: Numerical model.
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Figure 4: Model validation.

that are not listed, such as the winding diameter of the
second- and third-layer heat exchange tubes, can be calcu-
lated by deducing the basic structural parameters. To make
this simulation more stable, an extension section is added
to the inlet and outlet regions along the axial flow direction
of the shell-side working medium. The length of the exten-
sion section is 200 mm for the inlet and 450 mm for the
outlet, as shown in Figure 2. In this study, it is assumed
that the heat transfer within the heat exchanger occurs as
a steady-state process with excellent heat preservation of
the outer wall of the heat exchanger cylinder. Meanwhile,
the natural convection phenomenon is caused by the
change in fluid density on both sides and the heat loss to
the outside world. In addition, this study does not consider
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Table 2: Geometric models of external tubes with different diameters

Parameters Geo1l Geo2 Geo3 Geo4
dy (mm) 10 12 14 16

D, (mm) 140 140 140 140
Py (mm) 13 15 17 19

P, (mm) 12 14 16 18
B(°) 6.63 7.39 8.10 8.77

the heat conduction between the gasket between the tube
layers and the tube wall surface and the influence on the
heat transfer characteristics of fluid flow on the shell side.
The corresponding axial distance between the tube layers
and the tubes in the same layer is maintained.

2.3 Numerical method

The turbulence model of this study is the realizable k-¢
model with scalable wall functions, and continuity,
momentum, and energy conservation equations are adopted
as the governing equations.

Continuity equation:

op

a ) =
ot + —Xl(pul) = 0. 4

Momentum equation:

0 5} 0 op 0T
—(pW) + ——(PI) = ——(g) = 7~ ~ = ()
at PU T PR = 5389 Tk T oy
Energy equation:
22 F (Dgu=4.93 m-svy,.=15 m-s™
2wk —* AP tube APpy el
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Figure 5: (a) Nu and (b) Ap, on tube and shell sides with different external tube diameters.



DE GRUYTER
Ophs | optihs op __0p 9 |,oT
at dx; ot Jox;  ox| ox

) (6)
= —a—xj[p(uihs - Ehs)]

ANSYS FLUENT software is used to solve the numerical
simulation. The second-order upwind scheme is applied
to discretize energy and momentum equations, and the
SIMPLE algorithm is used to solve them. The inlet velocity
and pressure outlet conditions are applied to the tube side.
The inlet velocity is between 10 and 15 m/s with an inlet
temperature of 298.15K. The shell-side inlet uses a mass-
flow-inlet boundary condition with a mass flow rate ran-
ging from 0.755 to 4.077 kg/s and an inlet temperature of
255.15 K. The pressure-outlet boundary condition is set to
the outlet of the shell side. The other wall surfaces that
were not mentioned, such as the outer wall of the shell
and the core wall, etc., were determined to be the non-slip
adiabatic wall.

On both the shell and tube sides of SWHE, the fluid is
the gas phase working medium of the natural gas. The
components of the two working mediums are different.
Considering that the thermal properties of the working
medium, including density, specific heat, viscosity, and
thermal conductivity, remain constant with pressure,
this study establishes polynomial function relationships
between the thermal properties of the working medium
and temperature on both sides of the shell. The material
of the tube is carbon steel with a wall thickness of 2 mm,
with a specific heat capacity of 434 Jkg ' K™ and a thermal
conductivity of 45Wm K™

2.4 Grid independence test and model
validation

In this study, unstructured polyhedral mesh division was
adopted for all numerical simulation areas. Figure 3 shows
the test results of grid independence, the change in Nu on
both sides is less than 0.352%, and the change in Apy, is less
than 0.163% when the grid number is beyond 5,022,936. For
the sake of simulation efficiency and accuracy, a grid
number of 5,022,936 was chosen to discretize the geometric
model in the subsequent research.

In order to verify the turbulence model adopted in this study,
simulations were conducted with the same geometric structure
and working parameters as in the study by Jayakumar et al [13],
and the working medium was water. Figure 4 displays the com-
parison between different turbulence models and experimental
data reported in the study by Jayakumar et al [13]. It is evident
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that the variation pattern of the total heat transfer coefficient with
the Dean number aligns with the experimental results presented
in the study by Jayakumar et al [13]. And the calculated results of
the realizable k—& model are closer to the experimental data, with
an error less than 4.0%. Therefore, the realizable k—¢ turbulence
model is chosen.
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Figure 6: (a) Velocity and (b) velocity vector distributions of the shell side
on the XZ section with different external tube diameters.
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Figure 7: (a) Velocity and (b) temperature distributions in a tube with d,

Table 3: Geometric models of the core with different cylinder diameters

Parameters Geo1 Geo2 Geo3 Geo4
dy (mm) 16 16 16 16

D. (mm) 70 140 210 280
P, (mm) 19 19 19 19

P, (mm) 18 18 18 18

B () 13.50 8.77 6.49 5.14

3 Result and discussion

3.1 Effect of outer diameter of HEB

The change in outer diameter of the HEB will affect the
shell-side flow space and the winding angle of the tube
bundle. Table 2 lists four geometric models of the outer
diameter of HEB, which aim to explore the influence of
the outer diameter of the winding round tubes on the
thermal-hydraulic performance of the natural gas mixture
on the pipe and shell sides while other structural para-
meters are invariant.
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Figure 5 shows the variation in Nu and Ap,, on tube
and shell sides with different external tube diameters.
As the diameter of HEB increased from 10 to 16 mm, the
Nusselt number on both sides increased linearly. This is
because the winding angle of HEB gradually increases
with the larger pipe diameter, which results in a stronger
centrifugal force acting on the fluid inside the tubes,
leading to higher secondary flow intensity and enhanced
heat transfer. However, the throttling effect of the working
fluid on the shell side is intensified, which strengthens the
disturbance. As the tube diameter increases, there is a
noticeable decrease in the pressure drop per unit length
on the pipe side, with the value dropping from 3.83 kPam™
for a 10 mm tube to 1.64 kPam™ for a 16 mm tube. A large
tube diameter results in greater flow resistance on the
shell side, and the pressure drop per unit length increases
1.8 times when the tube diameter increases from 10 to
16 mm. This is due to the enlargement of the outer dia-
meter of the pipe, resulting in a gradual decrease in the
ratio of the shell side flow area to the radial cross-sectional
area and an intensifying effect of the shell-side channel
being large and small and local resistance being enhanced.
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Figure 8: (a) Nu and (b) Ap,, on tube and shell sides with different core cylinder diameters.

The shell side flow area in the y > 0 part of the XZ
section of the heat exchanger is taken. Figure 6 shows the
velocity distribution on the shell side of this section in four
pipe diameter structures under the working conditions
Vnen 15 4.93 m s and Ve is 15m s~ As the heat exchange
tube diameter increases, it becomes evident that the flow
space for the working medium on the shell side decreases,
resulting in a throttling effect between the narrow-wound
tube bundles. The maximum flow velocity in the YZ section
exhibits a gradual increase, starting from 20.73ms™ with
a 10mm outer diameter and reaching 20.92, 22.90, and
24.34ms™. This trend is attributed to the diverting effect of
the larger pipe diameter on the working medium on the shell
side, leading to increased radial flow intensity between the
heat exchange tubes in the same layer. As a result, the area of
low-speed retention after HEB is reduced, the velocity within
the low-flow zone rises, and the velocity distribution becomes
more uniform.
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Table 4: Geometric models with different longitudinal pitches
Parameters Geo1 Geo2 Geo3 Geo4 Geo5
dy (mm) 16 16 16 16 16
D. (mm) 140 140 140 140 140
Py (mm) 19 20 21 22 25
P (mm) 18 18 18 18 18
B(°) 8.77 9.22 9.68 10.13 11.48

Figure 7 shows the velocity and temperature distribu-
tions in a tube with an outer diameter of 16 mm. Due to the
different centrifugal force at each point during the fluid
flow in the tube, the high-speed region of working fluid
inside the tube moves to the outside of the tube bundle
at x = 0 section. As the working fluid inside the tube carries
out heat along the spiral fluid channel, the high tempera-
ture area of the working fluid gradually moves to the

Figure 9: Temperature distribution of the shell side at the cross section of z = 250 mm with different core cylinder diameters.
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Figure 10: (a) Nu and (b) Ap, on tube and shell sides with different longitudinal pitches.

outside of the tube bundle. Meanwhile, the low tempera-
ture area (285.2-293.8 K) is mainly concentrated in the
center and inside of the tube, and the temperature displays
a skewness distribution rather than a concentric circle
distribution, which is one of the significant characteristics
of the spiral tube, different from the straight pipe.
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3.2 Effect of core tube diameter

In this study, the impacts of various barrel diameters, as
detailed in Table 3, were explored. Figure 8 depicts the
variation curves of Nu and Ap,, of tube on the tube and
shell sides for different core tube diameters. When the
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Figure 11: Pressure distribution of (a) tube and (b) shell sides on the ¥Z section with different longitudinal pitches.
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Figure 12: Streamlines on the shell side of the geometric models with P, =

diameter of the core tube is reduced from 280 to 70 mm,
the overall winding angle of the heat transfer tube increases
from 5.14° to 13.50°, which strengthens the fluid turbulence
in the tube. With the decrease in the core barrel, Nu on the
shell side increased first and then decreased.

When velocities on the shell side and tube side are 4.93
and 15ms™, the tube-side Ap,, decreases from 1.76 to
156 kPam ™ as the diameter of the core barrel increases
from 70 to 280 mm, while Ap,, on the shell side decreases
from 5.71 to 2.65kPam™. The reason is that the smaller
diameter of the core barrel increases the spiral winding angle
of HEB, which results in a better conductivity effect on the
shell side working medium. When the winding angle is large
enough (90°), the flow of shell-side fluid between the winding
tube bundles is longitudinal scouring along the tube bundles,
and the pressure drop is small. Furthermore, with a higher
mass flow rate of the working medium on the shell side, the
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impact of the core barrel diameter on the Ap,, on the shell
side becomes more pronounced.

The XY cross section (z = 250 mm) was selected to
observe the local temperature distribution of fluid heat
transfer on the shell side. Figure 9 illustrates the tempera-
ture distribution on the shell side at the cross-section posi-
tion with various core barrel diameters. Heat transfer
between the core wall and the innermost heat exchange
tube, as well as between the outer wall of the shell and the
outermost tube bundle, is relatively ineffective. As the dia-
meter of the core barrel decreases, the contact between the
shell fluid and the tube bundle becomes more complete.
When the overall fluid temperature in this section increases
from 256.14 K (D, = 280 mm) to 260.26 K (D. = 70 mm), the
heat transfer between the outer wall of the cylinder and the
tube bundle is enhanced, resulting in a reduction in the size
of the low-temperature retention zone.
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Figure 13: (a) Nu and (b) Apy,, on tube and shell sides with different radial pitches.
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Figure 15: Streamlines of the shell side on the YZ section with different radial pitches.
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3.3 Effect of longitudinal pitch

This work simulates five groups of heat transfer structures
with different longitudinal pitch as shown in Table 4.
Figure 10 presents the curves for Nu and Ap,, on both sides
of the shell under various longitudinal pitches. Changes in
longitudinal pitch have little impact on flow and heat
transfer performance.

Figure 11(a) shows the pressure distribution of the five
groups of geometric models on the YZ section of x = 0 and
based on the working conditions, Vepen is 4.93m s and Vege
is 15m s~ As the longitudinal pitch gradually increases, the
turbulence disturbance and pressure loss caused by the
large winding angle do not offset the low resistance loss
caused by the shortening of effective heat transfer length.
Hence, the overall pressure loss of the fluid in the pipe
decreases with the increase in longitudinal pitch, and the
lateral pressure loss decreases monotonically with the
increase in longitudinal spacing. In addition, Figure 11(b)
shows the cloud map of pressure variations on the lower
shell side with varying longitudinal spacing. As the longitu-
dinal pitch increases, the diversion effect of the tube bundle
on the shell side fluid is strengthened, and the pressure loss
decreases monotonically. Nevertheless, under the same coaxial
heat transfer height, the length of HEB is inversely propor-
tional to the longitudinal pitch. Thus, the pressure drop of
the unit tube length shows a monotonic change different
from the overall pressure loss.

Under the working conditions, Vgpey is 4.93 and vy, is
15m s}, the turbulent energy on the lower shell side of the
structure with P; in the range of 19-25mm were 0.47,
0.48, 0.47, 0.41, and 0.38 m*s % respectively. The turbulent
energy on the shell side increased first and then
decreased, which was consistent with the variation trend
of Nu. Additionally, since the longitudinal pitch is too high,
the gap of HEB in the same layer will increase, which
weakens the extrusion throttling effect of shell side fluid.
As shown in Figure 12, streamlines of shell-side working
medium with P, are 22 and 25mm, respectively, demon-
strating that a large area of low-speed vortex zone is
formed behind the tube, resulting in poor heat transfer
performance.

3.4 Effect of radial pitch

Figure 13 illustrates the trends in the Nu and Ap, on both
the tube and shell sides of the spiral wound tube heat
exchanger, considering radial pitches ranging from 18 to
24 mm, respectively. As the radial pitch increases, Nu on

Numerical study on flow and heat transfer performance of a SWHW for natural gas
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the tube side exhibits a decrease, followed by a leveling off.
Nu reached its maximum value at 18 mm and slightly
decreased in the range of 20-24 mm. At the same time, the
pressure drops per unit length on the tube side remained
relatively constant throughout the study range, with fluctua-
tions staying within the range of 0.02 kPa m™. This is because
the change in the radial pitch of the four groups is very weak
compared with the overall size of the radial direction of the
heat exchanger, and the overall winding angle of the spiral-
wound tube bundle is less than 0.5°, which leads to a weak
effect on the turbulence degree of the fluid in the tube, and
the enhanced heat transfer effect is not significant so that the
Nu within the radial spacing range of 20-24 mm exhibits
minimal variation. Furthermore, while the difference in
heat transfer intensity on the shell side can affect the tube
wall temperature and fluid properties inside the tube, it has a
minimal impact on the flow and heat transfer of the gas-
phase working fluid in the natural gas mixture.

Figure 14 depicts the velocity and temperature distri-
butions of the shell-side fluid on the YZ section of x =0 in a
geometric model with 18-22 mm radial spacing. Increasing
the pipe layer spacing significantly increases the flow
cross-sectional area of the shell side, and the throttling
effect of working fluid flowing through the narrow area
of the pipe layer is weakened. The turbulent kinetic energy
is 0.48, 0.37, 0.27, and 0.19 m*s ™% respectively. The average
flow velocity between pipe layers decreased, which inhib-
ited the enhancement of heat transfer. The outlet tempera-
ture of the shell side decreases from 264.7K under the
18 mm condition to 260.1 K under P, = 24 mm, and the local
flow resistance decreases accordingly. The high radial
pitch reduces the axial linear flow resistance between
tube layers, and the fluid tends to flow directly out of the
shell without fully contacting the tube bundle for heat
transfer. And the low-speed retention zone behind the
heat exchange tube is large, which is also reflected in the
flow diagram of the working medium on the shell side
(Figure 15). In the geometry structure with an 18-22 mm
radial pitch, the radial flow of shell side fluid is more
intense than that of P, = 24 mm, and the average radial
flow velocity of the YZ section is 0.50, 1.83, 0.93, and
0.17m s, respectively.

4 Conclusion

This study constructs a three-dimensional numerical model
of SWHE. Four key structural parameters are investigated to
find their effect on the flow and heat transfer performance
of natural gas. The conclusions are as follows:
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The outside diameter of the tube, the core tube dia-
meter, and the radial pitch have larger effects on the
performance of convection heat transfer, which should
be taken as the main factors to consider in the design
optimization of SWHE. Both Nu on both sides and Apy,
on the shell side increased with the increase in the tube
diameter.

The longitudinal pitch shows little influence on the
thermal-hydraulic characteristics, and the longitudinal
pitch corresponding to the maximum values of Nu and
Apr, on both sides increases with the increase in Re.
The velocity and temperature fields of the fluid in the
spiral-wound tube show skewness distribution under
centrifugal force. The fluid in the gap between the shell
wall and the innermost/outer tube bundle tends to flow
out of the heat exchanger at high speed along the wall
without sufficient heat exchange with the tube bundle.
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