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Abstract: To improve the heat transfer coefficient of a condenser, this paper proposes using a fin-
tube condenser to replace a smooth-tube condenser in a domestic heat pump water heater. The
finite element method is used to analyze the heat transfer coefficient of fin-tube condensers with
different design parameters. By comparing the results of experiments with those obtained using
CFD methods, it has been determined that the CFD method used in this study is feasible. Simulation
results showed that the heat transfer coefficient enhanced clearly. The total thermal resistance of the
fin-tube condenser decreased by 7% through increasing fin thickness. The total thermal resistance
of the fin-tube condenser increased by 1-1.3% when fin spacing was increased. The heat transfer
coefficient decreased severely and the maximum total thermal resistance of the fin-tube condenser
increased by 8.7% with increasing fin height. In 600 s, when the fin spacing, fin height, fin thickness
and inner diameter were 14 mm, 12.5 mm, 1.2 mm and 22.5 mm, respectively, compared to the
smooth-tube condenser, the fin-tube condenser could increase the final water temperature by 18.37%,
and the heat transfer coefficient would increase by about 95%. This research could provide a low-cost
way to improve the heat transfer coefficient of condensers in domestic heat pump water heaters.

Keywords: fin-tube condensers; finite element analysis; heat transfer coefficient; optimal research;
energy efficiency

1. Introduction

Heat pump water heaters have become an indispensable part of daily life, for example,
in domestic water supply. However, most heat pump water heaters still have a large capac-
ity to improve their heat transfer efficiency, which have become a focus issue. For domestic
heat pump water heater storage tanks, the link between the internal heat exchanger and the
heat capacity of the tank is inseparable. In practice, due to its simple heat transfer mecha-
nism, low cost, easy maintenance and other advantages, smooth-tube heat exchangers and
fin-tube heat exchangers are applied widely. However, as the heat transfer coefficient of
smooth-tube heat exchangers is lower than that of fin-tube heat exchangers, it has become
one of key factors that restrict the heat transfer coefficient of condensers. From a structural
point of view, the heat transfer area becomes larger because of the fins of fin-tube heat
exchangers. Considering the external conditions, when the external disturbance increased,
i.e., the external convective heat transfer coefficient increased, fins on the fin-tube could
intensify the level of disturbance to increase the convective heat transfer coefficient to
increase the heating efficiency.

Numerous published papers focused on the heat capacity efficiency of different types
of heat exchangers. Dizaji et al. [1] studied the heat transfer and pressure drop character-
istics of bellows heat exchangers. Zachar et al. [2] studied the heat production capacity
of a tank with a coil heat exchanger in terms of temperature stratification. A numerical
analysis of heat transfer between a U-shaped fin-tube and a smooth-tube was carried out by
Beemaraj et al. [3] via CFD methods. Yu et al. [4] conducted an analytical solution research
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for the velocity and temperature distribution of a low-Reynolds-number flowing fluid in a
spiral tube. Pai et al. [5] studied the heat transfer characteristics of a fin-tube by adding
fins into the tube. Nuntaphan et al. [6] investigated the heating effect and pressure-drop
characteristics of spiral fins. FaJiang et al. [7] investigated the heat transfer effect of 13 dif-
ferent tube diameters with spiral fins in more detail. Aside from fin-tubes, there were also
numerous research studies that adapted coil and smooth-tube into their experiments, such
as [8-10]. It could be seen that although the heat transfer efficiency could be enhanced
by adding fins, there were differences in the heat transfer performance of fin-tubes that
possessed different fin spacing, fin thickness, fin height and other design parameters.

The above research works demonstrated that an enhanced heat transfer efficiency
could be achieved by increasing the heat transfer area. Moreover, the heat production
capacity could also be enhanced by means of an appropriate increase in external disturbance.
S Pethkool et al. [11] investigated the enhancement of turbulent heat transfer in threaded
bellows. Cafiero et al. [12] proposed an approach to enhance heat transfer efficiency by
applying an impinging jet. Abraham et al. [13] conducted a study on the heat capacity
performance of heat exchangers with multiple rows of spiral fin-tubes and found that the
heat transfer coefficients were almost constant for four and five rows of heat exchangers
within a set Reynolds number range. Liu et al. [14] designed a wavy fin and used it to
increase the heat transfer coefficient in the external work fluid. Tang et al. [15] designed
a new fin-tube heat exchanger from the fin perspective and obtained the variation of the
Euler and Nussle numbers in this heat exchanger. Kiatpachai et al. [16] compared the
differences between fin-tubes made up of embedded fins and welded fins in terms of the
Colburn factor, etc. For the simulation of fin-tube heat exchangers, many different studies
have been carried out so far. Singh V. et al. [17] conducted CFD simulations of a fin-tube
heat exchanger on the air-refrigerant side and the error between the 2D and 3D simulations
did not exceed 4%. There have also been many simulations of fin-tube structures, such
as that by Taler et al. [18], wherein the authors replaced the round tube in a conventional
fin-tube with an elliptical tube and performed CFD simulations. Chen et al. [19] designed
an annular elliptical fin and determined the optimum fin spacing of 18 mm by means of
simulation experiments. Batista presented the conclusion that when evaluating the air-side
and overall heat transfer, the water-side thermal resistance could not be neglected [20].

For reducing residential energy consumption, such as that from a domestic heat pump
water heater, many scholars have also researched and explored this area. Guo et al. [21]
proposed a domestic heat pump water heater system using the latent heat of frost for
domestic wastewater, which uses wastewater as a heat source, and experimental data were
obtained under different working conditions; the system proved to be able to save 60% of
energy consumption compared with the traditional electric water heater. Al-Joboory [22]
conducted a study on heat pipe solar water heater. The corresponding effect of the water
heater on the load was studied under different load conditions and compared with the
temperature control system, and it was found that the system was better than the reference
system under different load conditions and optimal under intermittent load conditions.
Zukowski [23], in order to solve the effect of evaporation temperature and condensation
temperature on the energy efficiency of heat pumps, proposed to use the solar air heater as
a preheating device to preheat air-source heat pumps to improve heat pump performance.
The results showed that this device can reduce the maximum annual power consumption
by about 16%. Engel et al. [24] studied the heat pump water heaters using reciprocating
compressors and rolling piston compressors and tested their operational performance under
different operating conditions. The results showed that the COP of the heat pump system
with a rolling piston compressor was better than that of the system with a reciprocating
compressor under different operating conditions, and the highest COP improvement of
12.6% was achieved in summer operating conditions. In addition, there are also many
scholars studying the control strategy of the system, such as Ma et al. [25], on the housing
energy consumption prediction, proposing a more effective PS-LSTM prediction method.
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There have been a lot of research about different types of condensers, but the ways
in which to improve performance at lower costs are lacking. One example is the fin-tube
condenser, which, due to its simple structure, high heat transfer coefficient and low cost is a
suitable replacement for the smooth-tube condenser in conventional water tanks to improve
heat capacity. However, the approaches of fin-tube condensers as replacements for smooth-
tube condensers in conventional storage tanks have not been deeply investigated in the
published literature. Therefore, this research compares the efficiency of fin-tube condensers
and smooth-tube condensers with experimental and simulation approaches to investigate
the feasibility of applying fin-tube condensers as heat exchangers in domestic heat pump
water heaters. The novelty of this study is focused on small-capacity domestic heat pump
water heater components and therefore can be used to optimize existing products.

2. Method
2.1. Simulation Setup

This study used COMSOL to solve a heat transfer flow model based on the fin-tube
parameters derived from an iterative program. By comparing the temperature variation
between the same mass of water heated by fin-tubes and that by smooth-tubes of the same
length, the superiority of fin-tubes over smooth-tubes in terms of heat transfer coefficient
was demonstrated.

With regard to the fin-tube condenser under study, Figure 1 provides a detailed
description of structural parameters of the prototype, where f; (mm) is the fin thickness,
fs (mm) is the fin spacing, f, (mm) is the fin height, d (mm) is the inner tube diameter and
D (mm) is the outer tube diameter. Due to the thermal convection effect, the condenser
was set at the bottom of the tank, as shown in Figure 2, where the fin-tube was surrounded
by the water to be heated, and was designed to be compact in order to enhance the heat
transfer coefficient of Tian [26]. The aim of this study was to investigate the enhanced
heat transfer coefficient of a domestic heat pump water heater tank which used a fin-tube
condenser to replace the former smooth-tube condenser. The length of smooth-tube was
calculated with the condition in which 40 L water was heated from 15 °C to 45 °C in 600 s.
The changes of water temperature were compared to study the performance of condensers
with different design parameters. Since most of the refrigerant underwent a phase change
of exothermic heat in the condenser, the inner wall temperature was determined as the
internal heat source. The mesh used for the model is shown in Figure 3
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- - ft=1.20 mm

Figure 1. Prototype fin-tube design parameter (left), partial fin-tube model (right).
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Overall study calculations were based on the following assumptions:

Liquid encapsulating heat exchangers were treated as continuous laminar flow.
Fluid was incompressible.

Solution domain mass was conserved.

The inner wall temperature was a fixed value.
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2.2. CFD Simulation

The experiment was divided into the following parts: the inner walls of the smooth-
tube and fin-tube with constant temperature; fin-tubes with different design parameters. In
order to compare the heat transfer coefficient of the smooth-tube and the fin-tube, a section
of the smooth-tube and the fin-tube were taken and the control equations were elaborated
from solid and fluid heat transfer and fluid flow, respectively.

Heat Transfer between Solid and Fluid

The general equation in terms of heat transfer is

T
PCpy +0Cpi -VT+Vg=Q )
qg=—kVT

where u (m/s) is the velocity field of the fluid and Q (W) is the total heat gain.
The equation for the solid domain is

oT —

pCP§+pCPu VT + Vg = Qin+ Qnet )
q=—kVT

where Q;, (W) is the heat generated by the internal heat source and Qy,er (W) is the net heat

flow into the system.
The governing equation for the fluid domain is

oT
qg=—kVT

where Qs (W) is the surface force power, which includes viscous dissipation as the fluid
was set to be viscous Q,; (W) and could be obtained by

_>
Qui=7:Vn 4)
To facilitate the study, the model was set up as adiabatic on the outside, with the equation:
. g=0 (5)

In this study, the fluid outside the smooth-tube was set as a laminar flow, correspond-
ing to the N-S equation and the continuity equation as:

— - =
o5 +p( Vi) = —VpE+ VK +F +p3 ©

ot

— —
In the above equation, where E is the unit tensor, K is the viscous term and the gravity
term g is added because of the need for overall thermal convection phenomena.

2.3. Post-Process Data Analysis

Firstly, the temperature and heating time of the water should be determined in order
to calculate the required power. The arithmetic mean of initial and final temperatures was
taken as the mean temperature outside the tube:

g c-m-AT

Q=17 t @
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The temperature of tube inner wall was set as T = 85 °C.

When the heat transfer of system as steady state, i.e., when the temperature of the tube
body was stabilized, the total heat outflow from tube Q and the total heat inflow outside
tube Q; were equal. Two equations were developed for the overall heat transfer in the two
stages of conduction/convection:

QmnY
27chopperL 8)
Qi = hpLonD(Ty — Tr2)

T, —Tp =

In the formula, Q and Q; are the proposed power; L (mm) is the tube length; d (mm)
and D (mm) are the inner and outer diameters of the tube, respectively; Ty is the average
temperature of water outside the pipe; T; and T, are the internal and external temperatures
of the tube wall, respectively. T1, T, and L were solved using an iterative program (Figure 4),
which was verified in several simulations to provide more accurate design parameters for
the required tube length L; below is the corresponding flow chart.

Input target conditions,
physical parameters

v

Expected
Input T, heat power
A

Output T,, N, |

> LZ) Ll) h A
Output L,
—— + .
as L T,=T,+0.001

Figure 4. Parameter design flow chart.

2.4. Model Verification

In order to verify the feasibility of the CFD method used in this study, experiments
and CFD simulations were performed on fin-tube and smooth-tube heaters under constant
heat flux conditions. The final water temperature difference was compared to validate the
feasibility of the CFD method.

Figure 5 shows a schematic diagram of the experimental setup, where heat loss is
minimized by wrapping the tank with an insulation material. A thermometer of an electric
heater with a small water circulation pump is placed inside the tank. All were powered by
220 V, while the thermometer was connected to data collection to collect temperature data.
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Figure 5. Schematic diagram of the experimental setup.

The experiment used a 30 L insulated water tank with a fin-tube electric heater and
a smooth-tube electric heater whose parameters, except for the fin parameters, were the
same. In consideration of the convective heat transfer effect, the electric heater was placed
in the lower part of the water tank, and a small circulating water pump was used to avoid
temperature stratification in the water tank. The temperature change detected by the
temperature sensor within the water tank for 1800 s was used as a reference for comparison
with the temperature change obtained using the CFD method. The error between the two
was compared to ensure the feasibility of the CFD method. Figure 6 shows the trend of
temperature change inside the water tank obtained through experiments and CFD methods.
The results in Figure 6 show that the error between experimental data and CFD data is less
than 10%, indicating that the CFD method used in this study is indeed feasible. The y-axis
in Figure 6 is the temperature of the water around the heat exchanger.

50

Fintube Experiment
Smoothtube Experiment
Fintube Simulation
Smoothtube Simulation

Temperature (°C)

" I " 1 1 1 N 1 s 1 N 1 N 1 s |
0 200 400 600 800 1000 1200 1400 1600 1800

Time (s)

Figure 6. Experiment and simulation comparison.
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3. Results and Discussion

In order to simulate the heat production process of a fin-tube condenser in a heat pump
water heater tank, a finite element model was established in COMSOL; the flow and heat
transfer control equations were solved with finite element, which used tetrahedral meshes,
and the relative tolerance of that model was set as 10~%. The fin-tubes were oriented
perpendicularly to gravity to maximize the thermal convection effect. Table 1 shows the
characteristics of the used computer.

Table 1. Characteristics of the used computer.

Components Model
12th Gen Intel(R) Core(TM) i7-12700KF 3.60 GHz, Intel, Shanghai,
CPU .
China
RAM 16.0 GB, Kingston, Shanghai, China
Operating System 64-bit
GPU NVIDIA GeForce GTX 1650, GALAX, Qinghai, China

3.1. Description of the Simulation Test

In response to the low heat transfer coefficient in the heat pump water heater tank, we
propose to replace the existing smooth-tube condenser with a fin-tube condenser. Firstly,
mesh-independence verification was carried out to ensure that the developed finite element
model was insensitive to the number of meshes. The internal wall temperature, target
heating temperature and target time were used to calculate the tube flow rate and heat
transfer coefficient, and the tube length was calculated with an iterative program. For the
first test, a comparison was made between the temperature changes of water heated by a
smooth-tube condenser and a fin-tube condenser during the target time, respectively. For
the second test, the design parameters of the prototype were modified to investigate the
effect of each parameter change on the heat transfer coefficient. The total thermal resistance
and water temperature of different fin-tube condensers were calculated for comparison to
demonstrate the effect of different parameters on the heat transfer coefficient. The time step
for all calculations was 1 s.

3.2. Grid-Independent Verification

For the proposed model, it can be seen from Figure 7 that when the number of grids
was 4 million and more, the final temperature of the model fluctuates around 31 °C and the
error does not exceed 5%, so it can be considered that the temperature of this model was
independent with the number of grids.

Final Temperature (°C)

20 1 1 1

0 200,000 400,000 600,000
Mesh

Figure 7. Verification of grid—temperature independence.
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3.3. Presentation of Results

After results were obtained using the program written in Python3.7, the main com-
parison was made among the temperature variations of the external waters in order to
investigate the advantages and disadvantages of the different fin-tubes. The above temper-
atures were taken as volume averages and surface area averages.

In order to improve the performance of the fin-tube, the following specifications shown
in Table 2 were proposed to be used with the smooth-tube.

Table 2. Design parameters of the light tube and the prototype fin-tube (mm).

Tube Type/Structure Inner Outer . . . . . .
(mm) Diameter Diameter Tube Length Fin Thickness Fin Height Fin Spacing
Fin-tube 22.5 25 550 1.2 12.5 5
Smooth-tube 22.5 25 550 - - -

3.3.1. Performance Differences among Fin-Tubes and Smooth-Tubes at Different Constant
Internal Wall Temperatures

The first test was set to investigate the difference in heat capacity performance among
the prototype fin-tube and the smooth-tube, which had different inner wall temperatures
within 600 s. The difference was quantified and compared by the convective heat transfer
coefficient and total thermal resistance.

As shown in Figure 8, the heat capacity performance of the fin-tube condenser was
better than that of the smooth-tube condenser at different constant wall temperatures. At
constant internal wall temperatures of 75, 85, 95 and 105 °C, the heat transfer coefficients
of the fin-tube were 1059.55, 959.95, 889.12 and 850.4 W/m?2K, respectively, while the heat
transfer coefficients of the smooth-tube were 989.92, 1026.15, 1078.7 and 1124.42 W/m?2K,
respectively. The convective heat transfer coefficients improved by 7.03%, —6.45%, —17.57%
and —24.37%. However, overall, the heat transfer coefficients of fin-tubes were 30,400 W/K,
27,785, 26,013 and 24,733 W /K, whereas the heat transfer coefficient of smooth-tubes were
15,174, 16,320, 17,231 and 17,972 W/K. Although the overall heat transfer coefficient of
fin-tubes was higher than that of smooth-tubes, the coefficients per unit area were not all
higher than that of smooth-tubes, because fin-tubes increased the heat transfer coefficients
by increasing external area.

80

/m’K)

1000

500

Final temperature (°C)
Convective heat transfer coefficient(W

0
70 75 80 85 90 95 100 105 110

Internalface temperature (°C)

Figure 8. Temperature and convective heat transfer coefficient difference between the fin-tube and
the smooth-tube at different constant internal wall temperatures.
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3.3.2. Changes of Fin-Tube Performance with Various Parameters

Second simulation experiments were carried out by varying the design parameters of
the prototype fin-tube at a constant internal wall temperature. As shown in Figure 9, the
final temperature changed with each case after changing each parameter. It was found that
when the fin height increased, the final temperature would first drop to 40 °C, and then
gradually stabilize at around 58 °C; when increasing the fin thickness, the final temperature
was the highest when the fin thickness was 1.3 mm and then decreased and maintained at
around 54 °C. The final temperature did not change significantly when the fin pitch was
increased from 8 mm to 13 mm, but rose to 58 °C when it increased to 14 mm. The final
temperature rose with the inner diameter of the tube until 25.5 mm and was lower than
58 °C from 25.5 mm to 28.5 mm.

60
— " 2
50
4t S
60 1 1 1 1
125 145 fh (mm) 16.5 18.5
- L]
Y o —* d o~
=
3 60 1 1 . 1 1
£ 12 1.4 ft (mm) 1.6 1.8
g
=
£ N
A—--_______A A P
60 1 1 1 1
8 10 fs (mm) 12 14
.--—-'-'-.
—" .
- |
50 L

2255 245 D (mm) 26.5 285

Figure 9. Final temperature change in surrounding water after changing fin-tube design parameters.

It was noted that, although a slight change in the inner diameter of the tube can
enhance the heat transfer efficiency, the same water temperature could be achieved when
the fin height reached 15.5 mm and above, while the heat transfer efficiency decreased when
the inner diameter of the tube was higher than 25.5 mm. Therefore, from the manufacturing
aspect, it was easier to obtain a higher heat transfer efficiency by increasing the fin height.

Figure 10 shows the final temperature variation of water heated by different fin-tubes
with different inner diameters. From the former results, as the optimum fin thickness was
1.3 mm, the inner diameter of the fin-tube was changed to investigate the effect of different
inner diameters on heat transfer efficiency. When the inner diameter of the fin-tube was
increased from 22.5 mm to 25.5 mm, the heat transfer coefficients increased by 1.2%, 7.1%
and 13.1%, respectively, and then, the heat transfer coefficient declined with the increase in
inner diameter. It was found that when the inner diameter of the fin-tube increased, the
overall heat transfer coefficient of the fin-tube would first increase and then decrease.
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Figure 10. Final temperature variation of water in the different experimental groups.

Figure 11 shows the profile temperature distribution of the fin-tubes. From the
figure, it can be seen that when the fin height increases, the temperature of the fins
decreases, while there is no significant change in the temperature when the fin spacing
and thickness increase.

e .

| [,=13. 5mm f,=14. 5mn %0
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Figure 11. Profile of temperature distribution of different fin-tubes.
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According to the above simulation results, in 600 s, when the fin spacing, fin height,
fin thickness and inner diameter were 14 mm, 12.5 mm, 1.2 mm and 22.5 mm, respectively,
compared to the smooth-tube heat exchanger, the fin-tube heat exchanger could increase
the final water temperature by 18.37%, and the heat transfer efficiency would increase by
about 95%.

From the experimental results and simulation results, it can be seen that the fin-tube
heat exchanger has a stronger overall heat transfer capacity under the condition of constant
internal wall temperature compared with the smooth-tube heat exchanger. When the
difference between the internal and external heat transfer coefficients is small, the heat
transfer capacity of the smooth-tube heat exchanger and fin-tube heat exchanger is closer;
but because the fin-tube heat exchanger increases the heat transfer area, it can thus be
applied to more working conditions.

4. Conclusions

(1) When the constant internal wall temperature were 75 °C, 85 °C, 95 °C and 105 °C,
the prototype fin-tube had a heat transfer coefficient improvement of 7.03%, —6.45%,
—17.57% and —24.37% over that of smooth-tube, respectively.

(2) Heat transfer coefficient enhanced clearly, and the total thermal resistance of the
fin-tube condenser decreased by 7% upon increasing the fin thickness.

(3) The total thermal resistance of the fin-tube condenser increased by 1-1.3% when the
fin spacing was increased.

(4) When the temperature of the inner wall of the tube was 85 °C, the maximum tempera-
ture of the external waters could reach 56.46 °C. In 600 s, as fin spacing, fin height, fin
thickness and inner diameter were 14 mm, 12.5 mm, 1.2 mm and 22.5 mm, respectively,
compared to the smooth-tube condenser, the fin-tube condenser could increase the
final water temperature by 18.37%, and the heat transfer efficiency would increase by
about 95%.

(5) It was found that as the inner diameter increased from 22.5 mm to 25.5 mm, the heat
transfer coefficients of the fin-tube increased by 1.2%, 7.1% and 13.1%, respectively,
and then showed a decreasing trend with a further increase in the inner diameter.
Therefore, from a manufacturing point of view, it was easier to obtain a higher heat
transfer efficiency by increasing the fin height.

This research confirms the feasibility of replacing a traditional smooth-tube condenser
with a fin-tube condenser, provides an improvement in efficiency and optimizes the design
parameters of fin-tubes. However, this study has not investigated the detailed reasons for
the influence of fin parameters on heat capacity efficiency, but will improve on the detailed
analyses of fin-tube parameters and the heat transfer mechanism in subsequent studies.
Also, the effects of scale and coating on the heat transfer of thermal resistance have not
been considered. This will be one of the directions for future work.
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Nomenclature

0 Density (kg/ m?)

Cp Constant pressure specific heat capacity (J/(kg-°C))
Ty Temperature field (°C)

T Temperature (°C)

t Time (s)

u Velocity field (m/s)

q Heat flux (W/m?)

Q Heat (W)

k Thermal conductivity (W/(m-°C))
T Shear force (N)

E Unit tensor (N)

K Viscous term (Pa-s)

F Body force (N)

g Gravity term (m/s?)

m Mass (kg)

h Convective heat transfer coefficient (W/ (mz-OC))
c Specific heat capacity (J /(kg-°C))
L Tube length (mm)

Subscript

m Mean temperature

d Inner diameter

D Outer diameter

fn Fin height

fs Fin spacing

fi Fin thickness
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