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Abstract: The use of cryogenic liquefied gasses in industry is constantly increasing both for process
purposes and for power supply needs. The liquefied natural gas (LNG) is stored at cryogenic
temperature and its immediate use in gaseous form requires its evaporation. The heat needed to
cause a phase change is usually delivered by means of vaporizers. This paper presents a numerical
analysis of the influence of the fins number and frost accumulated within the fins surface on the heat
transferred through the aluminum finned tubes of LNG ambient air vaporizers. The calculations
were carried out applying finite element thermal analysis within Ansys software as well as using
an analytical approach. As a result, the heat rate per unit length of the finned tube was obtained.
The results were compared for different numbers of longitudinal fins both without frost and for total
frosting of the tubes.

Keywords: ambient air vaporizers; longitudinal finned tubes; liquefied natural gas; frosting

1. Introduction

Natural gas in liquid form is commonly known as LNG. It has a number of advantages
and its use continues to increase both for stationary and mobile applications. Liquefied
natural gas is stored at a low temperature under pressure. Small and medium storage
tanks of double-wall construction are insulated by vacuum and highly efficient cryogenic
insulations [1]. A system of internal supports is also necessary to limit the heat leakage into
the tank [2]. For the direct use of natural gas there is usually a need to obtain a gaseous
phase. This is achieved by providing an appropriate amount of heat. The heat in LNG
regasification stations is delivered by means of vaporizers. The most popular are ambient
air vaporizers with longitudinal finned tubes. Such vaporizers have the form of a block, the
height of which depends on the length of finned tubes, while the transverse dimensions
are determined by the number of tubes in rows and the distance between them. Aluminum
alloys are the basic materials in the construction of finned tubes, due to their high thermal
conductivity and the possibility of extruding fins of relatively large dimensions. Vaporizers
are designed for a wide range of applications, both mobile and stationary. Finned tubes can
be arranged either vertically or horizontally. Therefore, in addition to offering sufficient
evaporation efficiency, the vaporizers must meet the appropriate strength requirements.
While designing their construction, an impact of climate including wind actions, seismic
forces and the accumulation of frost should be taken into account. Due to the frost formation,
the mechanical load on the finned tubes increases, the space between them decreases and
the vaporizer efficiency is significantly reduced. For ambient air vaporizers installed
outdoors, it is difficult to determine the exact theoretical relations describing the operating
parameters due to the variable working conditions depending on climate. Problems related
to the design and operation of longitudinal finned tube vaporizers have been of interest to
the authors of several publications and patents. The authors of publication [3] proposed
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the analytical model of the frost formation for a one-dimensional problem. A relation
between air humidity and temperature of a cold flat surface as well as a relation between
air velocity and thickness of a frost layer were determined. In the paper [4], the results
of numerical and experimental analyses, including the correlation between the thickness
of the frost layer, temperature inside the tube, an angle between fins and their thickness,
were presented. The selected relations of the above parameters were proposed for optimal
design of vaporizers. The coupled dynamic model of frost formation and flow boiling heat
transfer of LNG was presented in paper [5]. One of the main conclusions of the above
study was that the thermal resistance of the frost layer increased with the operation time
and is the major factor affecting the temperature of finned tube walls. In the paper [6], the
results of an experimental study on frost formation within the finned tubes array were
reported. Based on visual observations during the frost formation, it was found that if the
part of the fin surface had temperature above the freezing point but still below the dew
point, the moist air condensed on the upper part of the fin while frost was formed nearby
the fin base. As a result, the thickness of the frost at the base of the fins was greater than
at the tip. Another approach to determine the operating parameters of vaporizers was
to use finite element analysis and computational fluid dynamics (CFD) software. In the
paper [7], the numerical modeling of the laminar free convection of air around a horizontal
cylinder with external longitudinal fins was presented. It was concluded that using a
greater number of fins with shorter lengths resulted in better heat transfer. The authors of
paper [8] presented simulation results of convective heat transfer related to a horizontal
finned tube. A new treatment of the boundary conditions on the outer side of the finned
tube was proposed. The obtained relative errors of the average Nusselt number of the
laminar natural convection were less than 0.5% in comparison to the reference solutions. It
was also shown that for a specific number of fins, there was an optimum fin height which
provided maximum heat transfer. CFD analysis results of the ambient air vaporizer finned
tube of the one meter length were presented by the authors of paper [9]. The ambient
air was considered to be dry and the nitrogen was accepted as a cryogenic liquid. As a
result, the relationship of the Rayleigh number and the Nusselt number was obtained,
which was proportional within a certain range. In the paper [10], the CFD analysis was
involved in order to verify the experimental results concerning heat transfer through the
outer surface of longitudinal finned tube made of aluminum. The analysis referred to the
distribution of heat transfer coefficients on the pipe perimeter and along the pipe. In the
study [11], the methodology of determining optimal geometric parameters of longitudinal
finned tubes with wavy fins was presented. The tubes belonged to the outdoor heat pump
evaporator operating under wind induced air flow. Thermal calculations were performed
by modeling a mixed convection process applying finite volume method within Ansys
Fluent CFD software. The authors of paper [12] analyzed the heat transfer between ambient
air and LNG under supercritical pressure conditions. Heat transfer performance of AVV
and optimal fin configurations were investigated applying CFD modeling. The author of
paper [13] presented the application of CFD analysis to predict the condition of fog cloud
formation, and dispersion around the array consisted of six ambient air vaporizers.
Taking into account the modern construction of ambient air vaporizers and current
technological capabilities, various types of tube profiles are used in their construction.
Typical solutions are based on the use of longitudinal finned tubes. In general, theoretical
analyses show that the greater the fin radius and the higher the number of fins, the higher
the efficiency of the vaporizer. However, the number of fins is limited due to the small
amount of space around the central pipe perimeter. Excessive increases in the fin radius
also result in a loss of stability due to external influences such as wind loads. There were
several patented solutions for stiffening the fins and improving the efficiency of cryogenic
vaporizers. Due to the vaporizer efficiency improvement, the configurations of arrays
including the tubes with various number of fins were presented in the patent [14]. The
author of patent [15] described the structure of the ambient air vaporizer with longitudinally
finned tubes, which had rails on their fins designed for assembling them with the use of



Energies 2022, 15, 280

3of 14

channel brackets, which significantly prevented the rotation of tubes. The inner surface
of the tube was additionally notched to increase the heat transfer area. The author of
patent [16] proposed to place a solid rod with a predetermined length within the central
opening of the tube in order to increase the rate of heat transfer between the cryogenic fluid
in its vapor phase and the ambient air.

The purpose of this paper was the use of finite element thermal analysis to determine
the heat rate per unit length of the longitudinal finned tubes and compare how it decreased
due to frost formation. An impact of the fins number and frosting was considered in
the analysis. For the case of frosting, the most unfavorable conditions of operation were
accepted for calculations. It was assumed that heat is transferred to the finned tubes by
natural convection and the tubes were entirely covered by frost. Numerical solution was
verified by means of convergence tests. In turn, for the case of no frosting, the numerical
analysis was additionally verified with an analytical approach.

2. Object of Study

Six cross-sections of longitudinal finned tubes differing in the number of fins around
the perimeter were accepted for analysis as shown in Figure 1.

4

r=t

2

(d) (e) )

Figure 1. Cross-sections of tubes (t = 2.5 mm, R = 100 mm) with: (a) 4 fins; (b) 6 fins; (c) 8 fins;
(d) 12 fins; (e) 16 fins; (f) 20 fins.

The number of fins n, outer radius R and fin thickness t were taken asn = {4, 6, 8, 12, 16,
20}, R = {50, 75, 100, 125, 150} mm and ¢ = {1.5, 2.0, 2.5, 3.0, 3.5} mm resulting in 150 different
geometry variations. Because of the relatively large height of the fins with respect to their
thickness, all fins had cylindrical stiffening rails at the tips of the fins with radius r = ¢.

Longitudinal finned tubes of ambient air vaporizers are placed at specific distances
from each other. This distance provides a space for the airflow, but also is a space where
the frost is accumulated. Figure 2 shows the finned tubes during vaporizer operation. The
tubes in the first row are entirely covered by frost. The layer of frost which covers the
tube can have an irregular outline of the outer surface. For the purpose of the analysis in
this study, it was assumed that the sections of tubes under consideration were completely
covered by frost with the cylindrical outer surfaces as shown in Figure 3.
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Figure 3. Cross-sections of the tubes (t = 2.5 mm, R = 100 mm) with: (a) 4 fins; (b) 6 fins; (c) 8 fins;
(d) 12 fins; (e) 16 fins; (f) 20 fins entirely covered by frost.

3. Heat Transfer through Finned Tubes

The heat transferred through the finned tube without frosting can be estimated using
an analytical approach [17]. Heat transferred through the outer surface of the finned tube
from the ambient air at temperature T, to the liquid at temperature T; can be calculated
using Equation (1), where T, > T;. Both the heat transferred by the fins surfaces and the
heat transferred by the surfaces between the fins are taken into account.

Q=hA(T, — Tj) 1)

where: Q—heat [W], h,—heat transfer coefficient related to the outer surface of the tube
[W/(m2K)], A,—outer surface area of the tube without fins [m?].

Figure 4 presents an auxiliary diagram for determining the heat transfer coefficient
related to the outer surface of the tube.



Energies 2022, 15, 280

5o0f 14

Figure 4. Diagram for determining the heat transfer coefficient.

The heat transfer coefficient h, related to the outer surface of the tube without fins is

calculated considering that the temperature drop (T, — T;) include four temperature drops:

Temperature drop related to the temperature of the medium T; and the temperature of
the inner surface of the sediment T&:

T, — Tley, = @)

Because for a circular tube there are relations as given by Equations (3) and (4), the
temperature drop from Equation (2) takes the form indicated in Equation (5).

Q =g2nrsH = g;2nriH = q,2mr,H 3)
qsTs = q;i = GoTo )

7.7
T; - TS|r:rs = Zju: &)

where: .—heat flux density at the sediment layer [W/m?], ,—heat flux density at the
inner surface of the tube [W/m?], q,—heat flux density at the outer surface of the tube
[W/m?2], H—tube length [m], ¥s—inner radius of the sediment layer [m], #/—inner
radius of the tube [m], r,—outer radius of the tube [m], #,—heat transfer coefficient at
the inner surface of the tube [W/(m2?K)].
Temperature drop in the sediment layer:

Ists  Dolo ts

Ty, — T)p=y, = 6

|}'er |7‘71’l Dél ri )\S ( )
ts

Ry = —= 7

=5 ?)

where: R—thermal resistance of sediment [(m%K)/W], ts—thickness of the sediment
layer [mm], As—thermal conductivity of the sediment [W/(mK)].

Considering Equation (7) in Equation (6), the temperature drop in the sediment layer is:

707
Tlomr, = Ther, = 2R, ®)
1

Temperature drop across the wall thickness of the tube:

1 ¥, T
T|r:r,- - T|r:r0 = q‘;\olni )

where: A—thermal conductivity [W/(mK)].
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o  Temperature drop between the outer surface of the tube and the ambient air is:
7=
Tly=y, — To = (10)
1%

where: a,—reduced heat transfer coefficient [W/(m?2K)].

After adding the temperature drops, given by Equations (5) and (8)—(10) the tempera-
ture drop (T; — T,) is obtained as follows:

T,—T,= %" 4 Jolop 4 Joloy,To | fo (11)
il ri AT

From the definition of the heat transfer coefficient it follows that:
T,—T,=1 (12)

From Equations (11) and (12) results that:

90 — 9o"o 4 9oTo Rs + GoTo l?’lrj + 90 (13)
hy  ria; T A a
Hence, the heat transfer coefficient h, related to the outer surface of the tube is obtained
from Equation (14) as follows:

1 7o 1 Yo Yo, to 1
—=——+4+—Ri+—In—+ — 14
ho rioci+ri s+/\nri+ar (14)
The reduced heat transfer coefficient a; and the efficiency of the fin 77¢ can be calculated
using Equations (15) and (16).

Abf Af
Uér_ﬂé(;( A, +Ao77f) (15)
tanh(mL
nf= m(LC : 16)

where: A,—outer surface area of the tube [m?], Af—surface area of fins [m?], Abf—surface
area of tube between fins [m?], L.—fin height [m], t—fin thickness [m], 17,—fin efficiency.
For a constant value of thermal conductivity A and a constant cross-sectional area of
the fin A, the differential equation describing the heat transfer in the fin is of the form:
d*T

T~ m(T=To) =0 (17)

The fin parameter m is given as follows:

s &P
pr— 1
m A (18)
where: P—fin circumference [m], A—cross sectional area of the fin [m?].
For a straight fin, the circuit over which the heat exchange takes place is:
P=2w+1t) (19)

where: w—fin length [m], t—fin thickness [m].
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Because for the cases under consideration t << w, the fin parameter is in the form:

2 200(w + 1) 2

prraads va (20)

Finally, the fin parameter m and the fin height L., which includes the heat transfer at
the tip of the fin, are given as follows:

20, t
=4/ Le=L+ = 21
" At7 € 2 1)

where: L—actual length of the fin [m].

An influence of a sediment layer collected on the inner surface of the tube can be taken
into account by accepting a resistance R; in the calculations. In contrast, due to the complex
geometry, the effect of deposits on the outer surfaces of the finned tube on the heat transfer
cannot be estimated using the quoted analytical solution. In such a case, the use of finite
element method can be a more practical approach, which allows the complex geometry
to be taken into account in the thermal analysis. If the finned tubes are covered by a frost
layer with an irregular outer surface, this can be also easily taken into account.

4. Finite Element Analysis

The analysis concerned the sections of longitudinal finned tubes with a length of 1 m.
All the tubes’ profiles were analyzed, both without frosting as well as entirely covered by
frost. A transient thermal analysis was carried out using ANSYS software. An alternative
could be a steady-state thermal analysis. However, in this case, it would be necessary to
experimentally determine the temperature at the outer surface of the tubes for each of the
cases analyzed, and then it would be necessary to define the temperature as a boundary
condition in the FEA thermal analysis. Shell elements of 8-nodes were used. The mesh
accepted for analysis is shown in Figure 5 for the example of the tube with 8 fins. The mesh
with the same size of elements was accepted for all calculation cases.

(a) (b)
Figure 5. Mesh of the tube with 8 fins: (a) without frost, (b) entirely covered by frost.

4.1. Assumptions for Thermal Analysis
The following assumptions were made for finite element thermal analysis:

The tubes were made of aluminum alloy of thermal conductivity shown in Figure 6;
The internal surface of the central pipe had a constant temperature of —160 °C;
The ambient temperature was equal to 20 °C;
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e  The external surface of finned tube or frost layer exchanged heat with the environment
by the convection with convection coefficient of 7 W/(m? °C);

e  The thermal conductivity coefficient of the frost was assumed to be constant with an
average value equal to 0.2 W/(m °C) [18].

200
5 150 /L —’4"—
£ 100 =
2 50
x
0

-200 -150 -100 -50 0 50 100 150 200 250
Temperature [°C]

Figure 6. Thermal conductivity of aluminum alloy [19].

4.2. Mesh Validation

The convergence of numerical solution was tested in order to verify results obtained
only by means of finite element analysis. The convergence of all obtained results arose from
the mesh refinement. The convergence of the numerical solution was tested concerning
total heat on the outer surface of finned tubes or on the outer surface of frost in the function
of mesh refinement steps. Step zero referred to rough mesh. In each subsequent refinement
step, the size of finite elements was twice as small as for the preceding step. Due to
the geometric similarity of the models, convergence of the solution was tested on the
example of three tube sections with number of fins n = {4, 8, 16} and parameters ¢ = 2.5 mm
and R =100 mm. The results of mesh validation are shown in Figure 7. For all of the
considered cases, the mesh after 6 steps of refinement was accepted as the mesh providing
converged solution.

4 fins - with frost 4 fins - no frost
310 860
305 850
£ 300 £ 840
g g
£ 295 £ 830
290 820
285 810
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
Step of mesh refinement Step of mesh refinement
8 fins - with frost 8 fins - no frost
420 1360
410 1340
g = 1320
?} 400 §
== £ 1300
S0 1280
380 1260
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
Step of mesh refinement Step of mesh refinement
16 fin - with frost 16 fin - no frost
500 2020
490 2000
— 480 1980
g g
3 470 5 1960
T 460 T 1940
450 1920
440 1900
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8

Step of mesh refinement Step of mesh refinement

Figure 7. Total heat depending on the mesh refinement.
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4.3. Results and Discussion

The results of finite element thermal analysis were presented as temperature distribu-
tions as shown in Figures 8-13. The heat transferred through one meter length of finned
tube and the heat decrease due to frosting were presented in the form of graphs in Fig-
ures 14-19. The graphs include analytical and FEA results for the case without frosting and
FEA results for the case of total frosting of the longitudinal finned tubes. Comparing the
analytical and FEA results for the case without frosting, a good conformity of the obtained
values can be observed.
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Figure 8. Temperature distribution: (a) 4 fins—no frost, (b) 4 fins with frost.
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Figure 9. Temperature distribution: (a) 6 fins—no frost, (b) 6 fins with frost.
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Figure 10. Temperature distribution: (a) 8 fins—no frost, (b) 8 fins with frost.
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Figure 11. Temperature distribution: (a) 12 fins—no frost, (b) 12 fins with frost.
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Figure 12. Temperature distribution: (a) 16 fins—no frost, (b) 16 fins with frost.
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Figure 13. Temperature distribution: (a) 20 fins—no frost, (b) 20 fins with frost.
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For finned tubes without frosting, the temperature at the perimeter of the central
tube was about the same as the temperature of the medium, which was —160 °C. For fins
distributed around the central pipe, the temperature increased radially. For example, for the
tube with 8 fins and dimensions R = 100 mm and ¢ = 2.5 mm (Figure 10), the temperature
increased radially from —160 °C at the central tube to —122 °C at the tip of the fin sur-
rounded by ambient air with a temperature of 20 °C. Analogous temperature distribution
patterns were obtained for all other analyzed cases. As shown in Figures 8-12 and 13a),
which refer to finned tube parameters R = 100 mm and ¢ = 2.5 mm, the number of fins
had no significant impact on the radial temperature distribution. In the case of no frosting,
the amount of heat delivered to the center pipe was affected by the number of fins, fin
thickness and outer radius of the tube. It can be noticed that for a higher number of fins a
much higher heat transfer through the tube surfaces with no frost was achieved. This was
due to the increased heat transfer surface between the tube and environment.

For the tubes completely covered by frost, the temperatures on the outer surface of
the frosted tubes were much higher than for the tubes without frosting. The higher the
number of fins, the lower the temperature on the outer surface of the frosted tube. The
higher number of fins increased the number of heat transfer paths from ambient air to the
center pipe with the medium at low temperature.

For cases without frosting, the number and length of the fins had a crucial impact
on the amount of heat transferred through longitudinal finned tubes. For example, for a
finned tube with parameters: n = 4, R = 100 mm, t = 2.5 mm, the amount of heat transferred
through the finned tube without frosting was Q1 = 857 W (Figure 14a), while for a tube
with parameters: n = 20, R = 100 mm, ¢ = 2.5 mm, the amount of heat was Q2 = 2165 W
(Figure 19a), which was a two and a half times increase. On the other hand, for the case
of total frosting, the values of heat supplied were Q1 = 309 W and Q2 = 531 W, which
indicated 64% and 74% decreases in heat transferred, respectively. The highest decreases
of the heat transferred through longitudinal finned tubes caused by total frosting were
obtained for the tubes with the highest number of fins.

5. Conclusions

During the regasification of LNG by means of ambient air vaporizers, the first rows of
longitudinal finned tubes in the array containing natural gas in the liquid and gaseous phase
are subjected to frosting during the vaporizers operation. This is a result of desublimation
of humidity in the air at the outer surfaces of tubes which temperature is below zero. The
phenomenon cannot be prevented by simple measures. Therefore, vaporizers usually work
partially frosted and the frost melts during breaks in their operation. Part of the tubes in the
array can also become completely frosted, which can significantly reduce heat transfer and
therefore the efficiency of vaporizers. Therefore formation of frost has a disadvantageous
effect on the vaporizer operation.

The obtained results of thermal analysis showed that for the case when fins are not
covered by frost, the use of a higher number of fins within the tubes increases the heat
transfer and therefore increases the efficiency of the ambient air vaporizer. The finned tubes
in which the process of LNG evaporation takes place are totally or partially covered by
frost. Those tubes do not require the high number of fins as they have a minor impact on
the amount of delivered heat. The ambient air vaporizers with few tubes covered by frost
may continue to operate, under the condition that the amount of frost does not affect the
exceeding of the permissible mechanical loads acting on the vaporizer structure.
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