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Abstract: The article presents the results of computational fluid dynamics (CFD) analysis of the wind
action on liquefied natural gas (LNG) ambient air vaporizers (AAVs). A study concerning AAV with
a 6 X 6 tubes array is presented to demonstrate how the distribution of longitudinal finned tubes
and wind direction affect the average load and wind pressure acting on the vaporizer structure. The
main goal of the study is to estimate the wind load on the structure and wind pressure on individual
tubes depending on the pitch of the tubes arrangement. The above parameters are crucial for the
strength analysis of the vaporizer structure. The derived analysis results provide important data
on the variation of pressure on individual tubes, wind velocity inside AVV structure and indicate a
significant increase in the average wind load acting on the structure for a wind direction of 45 degrees
compared to a perpendicular direction.
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1. Introduction

Global energy consumption has significantly increased in recent years. According
to statistical data, the increase in demand is observed with respect to all energy sources.
Natural gas and renewables are at the lead. However, the increase is especially noticed for
natural gas (NG), which is considered as the cleanest fossil fuel [1]. There are huge reserves
of natural gas in the world, which makes NG the most probable source of clean energy that
can satisfy the long-term market demands. The production peak is expected to be around
2060, and about 2040 NG is predicted to replace oil as the most used energy source in the
world [2]. Despite the fact that natural gas burning is not a non-carbon option of energy
production, the emission of carbon dioxide is 25-30% less than for oil and 40-45% less than
for coal. At the same time, the emission of nitrogen oxides and dust is significantly lower,
while emission of sulphur dioxides is negligible. Moreover, compared to fossil fuels such as
coal or oil, natural gas has a higher calorific value per cubic meter by 8000-8500 kcal, which
is equivalent to 10 kWh of electricity [3]. Natural gas has become a popular fuel in electricity
production processes with its relatively clean combustion. In industry, NG is used both as
a fuel and a raw material in production processes. In residential sectors, NG is also used
for heating of space and water as well as cooling by means of gas—powered air-condition
systems. Also, in the transport sector, the share of natural gas vehicles (NVGs) powered
by compressed natural gas (CNG) or LNG is increasing [4]. Natural gas can be delivered
by pipelines, by sea and overland. As the costs of the pipelines increase with their length,
this is not the most efficient method of delivering gas over long distances. Nowadays,
the key technology for long distance delivery is LNG. The LNG supply chain consists
of four main stages: exploration, extraction, liquefaction, transport, regasification and
distribution [5]. During the liquefaction process, the natural gas is chilled to a temperature
of about 160 °C below zero and a liquid state is obtained. It results in the volume reduction
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of about 600 times. Long—distance deliveries to LNG terminals are carried out by maritime
transport involving large LNG carriers. In contrast, liquefied natural gas is delivered to end
users overland in insulated LNG cryogenic tanks [6,7]. Regasification is required before
final use of the gas. This stage is crucial in the energy conversion efficiency. In addition, it
can be strongly influenced by geography and meteorology, which in turn determines the
choice of technology [8-10]. Regasification is a process that requires energy input, namely
heat. The more popular energy sources in heat exchange technologies include ambient air,
sea water, cooling towers water, steam, electricity or combustion of gas itself. The use of
ambient air as an energy source is of great interest because of its infinite free capacity, zero
environmental impact and no operational complexity of devices [11].

1.1. Ambient Air Vaporizers Design Issues

LNG ambient air vaporizers are usually designed for pressures up to 40 bars, that
enable the use of aluminum alloys in their construction. A typical AAV structure contains a
number of finned tubes arranged vertically in a matrix. LNG regasification stations can be
operated with a single ambient air vaporizer or with a block consisting of several selectively
operating units as shown in Figure 1.

Figure 1. Block of four ambient air vaporizers in LNG regasification station.

Several problems related to ambient air vaporizers design were reported in previous
publications. The studies on convective heat transfer coefficients and heat transfer in order
to obtain optimal thermal performance were one of the essential design considerations. In
2009, Jeong et al. [12] presented an estimation of natural convection heat transfer coefficient
for longitudinally finned tube based on CFD analysis. The flow of nitrogen was considered
inside the tube while the heat source was ambient air. Based on the obtained results, the
authors proposed a relation for the Nusselt number outside the tube. In turn, in 2019,
Kopec et al. [13] presented the results of an experimental study on heat transfer coefficients
on the outer surface of longitudinal finned tube under natural and forced convection
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conditions. An aluminum tube with eight longitudinal fins was analyzed. In addition,
fin efficiency was verified using CFD analysis. In 2018, Sun et al. [14] analyzed the heat
transfer between ambient air and LNG under supercritical pressure conditions. Heat
transfer performance of AVV and optimal fin configurations were investigated based on the
CFD modelling. In 2018, Lee et al. [15] presented the methodology of designing ambient
air vaporizers including time-series weather conditions. The proposed method included
temperature and humidity fluctuations and was used for the AVV optimization considering
weather conditions within a one-year period.

Another problem raised by the authors was the formation of frost during the operation
of ambient air vaporizers. In 1997, Lee et al. [16] delivered a one-dimensional analytical
model of frost formation on a cold, flat surface. The model was developed taking into
account the molecular diffusion of water and vapor as well as heat generation by subli-
mation from the frost layer. The analytical model was validated by experiment. In 2006,
Jeong et al. [17] presented the research on optimal geometry of longitudinal finned tubes.
Such parameters of fins as number, height and thickness were considered. The numerical
results were compared with experiential tests. As a result of the analysis, the optimal
dimensions of fins were proposed due to heat exchange with and without the deposited
frost. In contrast, in 2013, Chen et al. [18] presented the analysis of thermal conductivity of
frost within the finned tube applying the fractal method. It was proved that the thermal
conductivity of the frost determined by this method coincided with the experimental values.
In contrast, research by Kuang et al. (2015) [19], Liu et al. (2016) [20], Liu et al. (2017) [21],
Lee et al. (2018) [22] and Liu et al. (2020) [23] referred to analyses of the ambient air
vaporizers operation including frosting conditions and their influence on AVVs thermal
performance. In turn, the formation of the fog clouds around ambient air vaporizers was
analyzed by Gavelli in 2010 [24]. CFD modelling was involved to predict the formation
and dispersion of the fog clouds caused by operation of the array of six AVVs.

Depending on the required efficiency, AVV arrays can reach up to a dozen meters in
height. Ambient air vaporizers placed in an open space are exposed to wind. Air circulation
has a positive impact on heat exchange with the environment. On the other hand, especially
in large vaporizers, the wind can cause significant structural loads depending on its speed.
This paper presents one more design problem related to ambient air vaporizers, which is
the wind action on the structure. CFD modelling was applied to analyze the average wind
load and pressure on longitudinal finned tubes of the LNG ambient air vaporizer. The
distribution of longitudinal finned tubes and the effect of wind direction were studied on
example of ambient air vaporizer with 6 x 6 tubes array.

1.2. The Object of Study

For the construction of LNG ambient air vaporizers, manufacturers propose aluminum
profiles with longitudinally extruded fins. Typical longitudinal finned tubes for AAV
applications have usually from 2 to 16 fins. Technologies for manufacturing extruded
aluminum tubes make it possible to produce fins with a radius several times greater than
the diameter of the central pipe. With the central pipe diameter of 30 mm, the span of the
fins can reach up to 200 mm. Thus, a single fin with a length of several meters has a large
surface area. This area is advantageous for heat transfer, which is a key issue for vaporizers
design. However, it is also a significant surface area that can be affected by wind. For the
purposes of the analysis in this study, tubes with a central pipe diameter of 30 mm and
external dimensions of 175 mm X 175 mm were accepted as shown in Figure 2. AVVs
arrays of 6 x 6 longitudinal finned tubes equally spaced with pitch s = {200, 350, 500} mm
were considered.
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Figure 2. Aluminum finned tube with 16 fins, (a) Cross-section dimensions; (b) 3D geometry.

2. CFD Analysis of Air Flow

CFD analysis of wind action on the structure of ambient air vaporizer was carried
out using ANSYS/Fluent software. In order to carry out the analysis, the type of flow had
to be specified. For the air flow through the ambient air vaporizer structure, there are no
conditions for the laminar flow to occur due to the geometry of the longitudinal finned
tubes. Therefore, the standard k-¢ turbulence model of flow was accepted in the simulations.
The kinetic energy of the turbulence and dissipation factor were computed on the basis of
the transport Equations (1) and (2).
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where Gy is the increase in the kinetic energy of turbulence caused by gradient of average
velocities, G, stands for the energy generated by the phenomenon of buoyancy, Y, is the
energy associated with the fluid compressibility. Cq,, Cp. and Cs, are constants of the model,
whereas Sy, S, are respectively the turbulent Prandtl numbers. The turbulence specificity
is determined by the parameters given by Equations (3)—(5), which are: intensity I, length
scale ] and turbulent velocity ;.

[ =0.16-Re” %1% 3)
| = 0.07-Dy (4)
pr = p-Cprk®oe? (5)

where Re is Reynolds number, p stands for fluid density and Dy is relevant hydraulic
diameter. The model constants were accepted using values recommended by ANSYS [25]:
Cie=1.44,Cy:=192,C,; =0.09, 0y =1.0 and 7, = 1.3.

2.1. Discrete Model and Analysis Assumptions

e  Considering that the wind velocity component in front of the vaporizer has only one
flow direction and two flow directions within the vaporizer structure, the use of the
2D model was sufficient for the considered problem. The models were prepared for
analyses including wind directions « of 90° and 45°. Discrete models with boundary
condition for the example of the vaporizer with tubes distribution pitch of 350 mm
and wind directions of 90° and 45° are shown in Figure 3, where v;,; is the wind
velocity and pum stands for atmospheric pressure. Dimensions in Figure 3 are in mm.
The mesh independence test was performed at the preliminary study. The results of
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mesh independence test for the example of the vaporizer with tubes distribution pitch
of 350 mm, wind directions of 90° and wind speed of 120 km/h are shown in Figure 4.

4 4 L Wind direction a=90° 4 1 L Wind direction a=45°
L Viniet 1L Papm 1 [l [l Viniet [| Patm [l

2000

(b)

(©) (d) (e)

Figure 3. Mesh for wind direction of: (a) 90°, (b) 45°; Mesh detail around longitudinal finned tube
for: (c) ref.1, (d) ref.3, (e) ref.4.
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Figure 4. Mesh independence test.



Energies 2022, 15, 405

60f 11

It could be noticed that a convergent solution was obtained for the third mesh refine-
ment (ref. 3) with respect to the initial coarse mesh. The same level of mesh refinement was
applied consistently in all the other analyses.

The following assumptions were accepted for CFD analysis:

All longitudinal finned tubes in the vaporizer were of the same cross-section.
There were no other objects in front of and behind the vaporizer.

There were no other objects on the sides of vaporizer at least at a distance of 1 m.
The air velocity was constant at a distance of 2 m in front of the vaporizer.

Air density p =1.225 kg/ mS.

Air viscosity u = 1.7894 x 10° kg/ms.

With the above assumptions, simulations of the air flow through the ambient air
vaporizers were carried out for wind velocities of v;,;,; = {50, 100, 150, 200} km /h concerning
wind directions of 90° and 45°.

2.2. Results and Discussion

All results of the CFD analyses were related to 1 m of longitudinal finned tube length.
The results were summarized in the form of graphs comparing the average wind load F;, at
all finned tubes of vaporizer as a function of inlet wind velocity. Figure 5a presents results
for wind direction of 90°, whereas Figure 5b refers to wind direction of 45°.

g T®200.90 20 —e—200_45
350 90 350_45

g 6  —e—500_90 Z 15 —e—500_45
g 4 £ 10
2 5 /
0 0
0 50 100 150 200 0 50 100 130 200
v [km/h] v [km/h]

(a) (b)

Figure 5. Average wind load depending on finned tubes distribution pitch for wind direction:
(a) « =90°, (b) &« = 45°.

The results concerning finned tube distribution pitch of 200, 350 and 500 mm were
compared. It can be noticed that for both wind directions 90° and 45°, the average load
on the vaporizer increased with the wind velocity. Concerning the wind direction of 90°,
the effect of finned tubes arrangement on wind load was not so significant. In contrast, for
wind direction of 45°, increasing the finned tube spacing pitch resulted in a considerable
increase in the average wind load on the vaporizer. This was because, for a wind direction
of 90°, as the tube pitch increased, the effective wind area remained the same because
the tubes were arranged in a straight line one behind the other. Therefore, differences in
the average wind load acting on the structure were not significant. On the other hand,
for a wind direction of 45°, the tubes were placed overlapping and the effective wind
area increased as the pitch of tube arrangement increased. Therefore, the average load
on the structure also increased. Figures 6—11 present respectively the obtained pressure
distribution and wind velocity distribution for the wind direction of 90° and 45°. For all of
the analyzed cases, the maximum pressure for the wind direction of 45° was larger than for
the wind direction of 90°, which was caused by different effective wind areas. For direction
of 45°, the effective wind area of the vaporizer structure was larger.



Energies 2022, 15, 405

7of 11

Pressure

2759
2293
1828
1383
898
433

@)

Velocity
240

180

120

0
[km/h]

(b)

Figure 6. (a) Pressure distribution, (b) Velocity distribution (s = 200 mm, v;,;;,; = 120 km/h, & = 90°).

Pressure

2168
1811
1454
1097
740

(@)

Velocity
216

162

108

0
Tkm/h]

(b)
Figure 7. (a) Pressure distribution, (b) Velocity distribution (s = 350 mm, v;;,;,; = 120 km/h, & = 90°).

When analyzing the pressure distributions obtained for wind direction 90°, it can be
noticed that for each of the analyzed tube spacing pitches, the highest pressure occurred on
the tubes in the first row with respect to the wind direction. The highest wind pressure on
the individual tubes occurred for the smallest pitch of the tube arrangement, which was
200 mm. The wind suction load on the opposite side of the vaporizer was the highest as
well. The local values of the maximum wind velocity around the vaporizer were also the

highest in this case.
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Figure 8. (a) Pressure distribution, (b) Velocity distribution (s = 500 mm, v;;,,
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Figure 9. (a) Pressure distribution, (b) Velocity distribution (s = 200 mm, v;,;;; = 120 km/h, «
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Figure 10. (a) Pressure distribution, (b) Velocity distribution (s = 350 mm, v;;,
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Figure 11. (a) Pressure distribution, (b) Velocity distribution (s = 500 mm, v;,,; = 120 km/h, a = 45°).

The arrangement of the finned tubes also affected the streamlines of the wind flow. It
can be noticed that for wind direction of 90°, if the tubes were placed close to each other,
the streamlines were drawn around the vaporizer (Figure 6b). Increasing the spacing of
tube (Figure 8b) resulted in the air flowing through the vaporizer with streamlines parallel
to the wind direction and increasing the air flow velocity inside the vaporizer. On the other
hand, for wind direction 45°, due to the overlapping tube arrangement, the streamlines
were mostly drawn around the vaporizer. Increasing the pitch of tube placement did not
significantly increase the airflow velocity inside the vaporizer in this case.

When considering the wind direction of 45°, it can be observed that the most loaded
element of the vaporizer was the first corner tube with respect to the wind direction. For
the smallest analyzed tube distribution pitch, which was 200 mm, the pressure acting
on this element was more than double the average pressure on the first row of tubes for
wind direction of 90°. The maximum local pressure value decreased with increasing tube
distribution pitch. A similar trend was observed for the local maximum velocity of the air
flowing around the vaporizer.

3. Conclusions

e Inview of the possibility of achieving large overall dimensions and the large surface
area on which the wind can pressurize, considerable mechanical loads occur in the
construction of ambient air vaporizers. For constant wind speed, the value of aver-
age wind load on the vaporizer structure and the maximum load acting locally on
individual tubes depends on their arrangement in the array and wind direction.

e In this study, the average load per 1 m length of finned tubes was determined by
applying CFD analysis. The obtained results should be considered in terms of several
design aspects. The first of these is the average wind load acting on the whole
structure of the vaporizer. This load must be considered in the mechanical design of
the supporting structure and for its anchorage to the ground. Another aspect concerns
the maximum load on individual tubes, which should be designed concerning the
maximum load that can occur on any single one.

e It was revealed that for a wind direction of 90°, the pitch of finned tube arrangement
slightly affects the average load of the vaporizer. On the other hand, for a wind
direction of 45°, the effect of varying the pitch of finned tubes arrangement on the
average load is significant due to the change in effective wind area.

e  From a mechanical strength point of view, it is advantageous that the variation in
wind load on all tubes is as low as possible. Increasing the distance between the
finned tubes increases the overall dimensions of the vaporizer, but the maximum
pressure can be reduced by up to 50%. However, the average wind load on the
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structure simultaneously increases. Particularly for a wind direction of 45°, this load
can increase by several times with increasing pitch of the finned tubes arrangement.

e  Considering the above aspects, it can be concluded that the distribution of longitudinal
finned tubes in the vaporizer structure should be determined by an optimization
process, which can be considered as a direction for further research.
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