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Abstract 
In this paper, experimental studies of film condensation of propane on single horizontal 
smooth tube and enhanced U-shaped tubes were conducted. Experimental devices were 
designed and built based on the structure of the IFV system. And the test tubes are made 
of stainless steel. In addition, liquid nitrogen was used as the cooling source to simulate 
the Liquid natural gas (LNG) gasification process. The aim is to obtain the fundamental 
data for improvement propane heat transfer performances. Under the present 
experimental conditions, the saturation temperature was varied from 20℃ to 45℃, and 
the heat flux was in the range of 0.9~1.1 kWm-2. The effects of heat flux, saturation 
temperature, and liquid nitrogen velocity on heat transfer coefficients were investigated. 
The results indicated that the overall heat transfer coefficient increased with increasing 
heat flux, which was most pronounced at a saturation temperature of 30°C. Different 
condensation flow modes have been observed during the experiment. It has been 
demonstrated that as the saturation temperature rises, the condensate falls faster. 
Additionally, the overall heat transfer coefficient increases and then decreases with the 
liquid nitrogen velocity, reaching the maximum at 5.5ms-1. Furthermore, the obtained 
basic data from this study can supply a guideline for the intermediate fluid vaporizer 
(IFV) engineering design. 
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1. Introduction 

Liquefied natural gas (LNG) is natural gas that has been cooled to a liquid state. As a clean fossil 
energy, LNG is stored and transported at a cryogenic temperature of -162 ℃ under atmospheric 
pressure [1]. Afterward, LNG is pressurized and gasified in the regasification terminals before 
utilization. Therefore, the LNG vaporizer is the key equipment in the LNG regasification terminals. 
Currently, four types of LNG vaporizers are extensively used in practical engineering, including 
ambient air vaporizer (AAV), open rack vaporizer (ORV), submerged combustion vaporizer (SCV), 
and intermediate fluid vaporizer (IFV). 

The option of vaporizer for the LNG regasification terminals depends on many factors, such as 
geographical location, free heat source conditions, production capacity, demand fluctuations, initial 
investment, operating costs, and so on [2]. As can be seen from the existing literature [3-5], the AAV 
has simple structures and low operating costs, it is highly dependent on environmental conditions and 
operating parameters. The running stability of SCV is not affected by natural conditions, but 1.2 ~1.3% 
of LNG is consumed and the surrounding environment is affected by the emission of combustion. 
The ORV also has simple structures and low running costs. However, seawater is easily iced on the 
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surface of the vaporizer, due to the huge temperature difference between cryogenic LNG and seawater. 
The advantages of the IFV include high heat exchange efficiency, compact structure, low operating 
costs, etc [6, 7]. In addition, the indirect heat transfer between the seawater and cryogenic LNG avoids 
the seawater freezing and improves the heat transfer coefficients (HTC) and operation reliability [8]. 
Therefore, the IFV is widely used in the market due to these significant advantages. 

Fig. 1 shows the structure schematic diagram of IFV that is composed of an evaporator, a condenser, 
and a thermolator. During the regasification process, the seawater flows into the thermolator and 
releases heat. Then, it enters the evaporator and heats the intermediate fluid (IF). In the shell, the IF 
is heated from liquid to vapor. At the same time, LNG is vaporized into natural gas and releases cold 
energy in the condenser. And the vapor of IF is condensed and dropped into the pool of IF. LNG is 
gasified into natural gas during this process. 

 

 
Fig.1. Schematic diagram of the IFV structure 

 

In recent years, in order to improve the heat transfer performance of IFV, many related studies have 
been carried out. For the thermal design, Xu et al.[9] established a thermal design method for 
subcritical LNG, and used a steady-state distributed parameter model to study the influence of 
operating parameters on thermal design results. According to the given operating conditions obtained 
in the heat exchanger heat transfer area. Bai et al. [10] proposed a thermal design method to enhance 
the overall thermal efficiency of the IFV system. For the heat exchanger structure of IFV, Liu et al. 
[11] put forward a kind of spiral wound heat exchanger and improved the pressure resistance and 
compactness. At the same time, the working medium of usage was reduced. Wang et al. [7] proposed 
a multi-stream plate-fin heat exchanger (MPFHE-IFV), which extended the application of 
conventional multi-flow heat exchangers. Compared with the traditional tube shell type, the IFV has 
higher HTC. To minimize mass and increase thermal efficiency, Kim et al. [12] discussed a new 
concept for a compact heat exchanger with a micro-cellular structure medium. The results showed 
that the metal-foam plate heat exchanger had the best performance at different channel heights and 
mass flow rates of fluid. 

The enhancement tube is also an important way to improve the heat transfer performance of IFV 
systems, which has been widely used. The main measures include the heat transfer surfaces coated 
with polymeric materials and optimization of the structural parameters on the rib tip by machining, 
which is to promote condensate drainage and reduce the thickness of the condensate film, respectively. 
According to these measures, the researches mainly focused on the effect of fin density, height, 
material, surface coating, surface structure and the working medium on condensation [13]. AI-Badri 
et al. [14] investigated the effects of fin structure, fin density and fin height on condensing heat 
transfer. The results showed that at a certain fin density, the formation of film condensation was 
increased with increasing the fin height was delayed, thus the condensing HTC was increased. Ji et 
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al. [15] researched the condensation of refrigerants on a single, high-density, low-fin tube, full-sized 
shell and tube condensers, experimental results showed that the condensing HTC of the low-fin tube 
was 16.3-25.2% higher than that of the 3D enhanced tube. And in another paper[16], an experimental 
investigation on the condensation of R134a, R1234ze(E) and propane outside plain and enhanced 
titanium tubes was conducted. They found that the HTC of the enhanced tube is 2~2.5 times that of 
the plain tube. Gu et al. [17] experiment investigated the condensation heat transfer characteristics of 
moist air outside the 3-D finned tube. The experimental results showed that the 3-D finned tube can 
achieve higher HTC compared with the smooth tube under all tested conditions. Zhao et al. [18] 
investigated the effects of the tube’s surface structure and thermal conductivity on the film 
condensation of R134a and R404A. The results indicated that the 3D finned surface was more suitable 
than the 2D finned to enhance the condensation heat transfer for the tubes with low thermal 
conductivity. Gebauer et al.[19] studied the HTC of the coated and uncoated horizontal smooth, 
standard finned and high performance tubes, experimental results showed that the heat transfer 
performance of the coated tube was slightly reduced compared to the uncoated tube. 

Most of the above studies were used copper tubes with high thermal conductivity on heat transfer of 
enhanced outside the tube [10-16]. However, there are rare experiments are conducted for the low 
thermal conductivity of the enhanced tube [20-22]. Conventionally, the IFV system usually adopts 
stainless steel tube (LNG side) and titanium tube (water side) due to the effect of pressure, corrosion, 
etc. The thermal conductivity of stainless steel and titanium (22 Wm-1K-1 at 20℃) significantly 
lower than the copper (398 Wm-1K-1at 20℃) tube. Therefore, the research results of refrigerants on 
outside copper tubes are difficult to apply in IFV design calculations. In addition, propane usually is 
selected as IF, but the related research is limited due to the flammable and explosive character of 
propane.  

As can be seen from the above literature, seldom studies investigated the condensation of propane on 
stainless steel tubes. Therefore, to study the condensation heat transfer characteristics of propane on 
the smooth tube and enhanced tube in a large-scale confined space, a series of experiments was 
conducted. Experimental devices were designed and built based on the structure of the IFV, and the 
aim is to provide basic data for the improvement of the performance of the IFV system. Additionally, 
the effects of heat flux, saturation temperature and liquid nitrogen velocity on the overall HTC have 
been investigated. The organization of this paper is as follows. In section 2, we firstly describe the 
experimental setup. Then the data reduction and uncertainty analysis in Section 3 and the results and 
discussion in section 4. Finally, the conclusions of the present study are stated in section 5. 

2. Experiment 

2.1 Experiment Setup 

As shown in Fig. 2, the experimental system consists of three sections, which are test vessel, cooling 
circuit and heating circuit. The heating circuit provides heat for the system, including an electrical 
heating water tank, a pump, a volume flow meter, a PID controller and a filter. The demanding heat 
source is provided by the electrical heater, which can simulate free low-grade heat sources such as 
seawater or industrial waste heat. The inlet temperature and volume flow rate of water are adjusted 
by the PID controller and pump, respectively. The hot water enters the U-shaped heating tubes for 
forced convection to release heat. After that, it returns to the electric heating tank continuing to be 
heated. 

The liquid nitrogen is used to simulate LNG and works as the cold source for the system. The cooling 
circuit is mainly composed of a liquid nitrogen tank, an air vaporizer and a mass flow meter. The 
valve (V2) and the mass flow meter are used to control and measure the liquid nitrogen flow rate, 
respectively.  
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Fig.2. Schematic of the experimental setup 

 

Propane is used as the intermediate working medium, which covers the heating tubes about 20 mm. 
The liquid of propane is heated to form a pool boiling phenomenon. At the same time, the vapor of 
propane is condensed by condensing tube and dropped into the pool of liquid propane. Thus, the 
circulation maintains a dynamic equilibrium under certain pressure and temperature. The Platinum 
temperature transducers (PT100) are set in the pool boiling area and the condensing area to monitor 
the vapor and liquid temperature of propane, respectively. 

The actual test vessel is illustrated in Fig.3 (a). To reduce the heat loss during the experiment, the test 
vessel is insulated with 20mm thickness glass fiber. In addition, the test vessel is wrapped in 
aluminum after insulation. Fig 3(b) is the cross-section of the test vessel. Three sight glasses are 
positioned inside the shell for observing the experimental phenomenon.  

In order to observation clearly, explosion-proof LED provides extra light from the top sight glass. 
Measuring instruments, measurement accuracy and specifications of the equipment used in the 
experiment are presented in Table 1. 

During the experiments, as a check of whether the non-condensable gas has been reduced to a 
negligible value, the vapor and liquid temperature in the shell measured by the PT100 is compared 
with the saturated temperature corresponding to the measured pressure. The allowed temperature 
difference is within 0.3 K. Under such conditions, the estimated volume concentration of non-
condensable gas is less than 1%. 

 

 
(a)                                          (b) 

Fig.3. Experimental system (a) the actual test vessel  (b) cross-section 
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Table 1. Specifications of the equipment and measurement uncertainty 

Equipment Parameter Value Uncertainty 

Liquid nitrogen tank Volume (L) 500 — 

Pressure sensors Measurement range (MPa) 0~1.6 ±0.2%FS 

Mass flow meter (nitrogen) Measurement range (m3h-1) 0~60 ±0.17%FS 

Type-T thermocouple Temperature (℃) −190~100 ±0.1℃ 

Platinum Resistors (PT100) Temperature (℃) -100~50 ±0.1℃ 

Electrical heater Rated power (kW) 10 — 

Expansion tank Volume (L) 20 — 

Pump Volume flow rate (m3h-1 ) 0~10 — 

Volume flow meter (water) Measurement range (m3h-1) 0~10 ±0.2%FS 

2.2 Tube Characteristics 

The test tubes are classified into the smooth tube and external enhanced tube. The tubes are made of 
316L and have a U-shaped structure, which has the advantages of simple structure and eliminates the 
influence of thermal stress. The total length and the inner diameter of the tube are 2.32 m and 17.2 
mm, respectively.  

The characteristics of the smooth and enhanced tube are including outer diameter (Do and Di), fin 
height (Hfin), and fin width (Wfin), are listed in Table 2. An overview characteristics of the enhanced 
tubes are given in Fig.4.  

 

 
Fig.4. The depiction of the fin-enhanced tube 

 

Table 2. Specifications of tubes 

Type Do(mm) (mm) (fpi) Hfin (mm) Wfin (mm) Material 

Smooth 19.05 1.20 / / / stainless steel 

Enhanced 19.05 1.20 31 0.35 0.15 stainless steel 

2.3 Experimental Procedures 

The testing procedure is demonstrated in Fig.5. In step 1, the testing tubes are cleaned to reduce the 
effect of the fouling resistance. In step 2, to ensure the gas-tightness, high-pressure nitrogen is injected 
into the test vessel up to 1 MPa and keep it for 2 hours. If the pressure drop was less than 0.05 MPa, 
continue injected until up to 3MPa and keep 24 hours. When the pressure drop is less than 0.1Mpa, 
proceed to the next step. In step 3, the test vessel is vacuumed to less than 200 Pa, to ensure that non-
condensable gas is discharged. After that, the liquid propane with a purity of 99.99% is filled into the 
shell until the liquid level is 20mm above the heating tubes. In step 4, turn on the throttle valve in 
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front of the liquid nitrogen tank. The liquid nitrogen enters the condensing tube for pre-cooling. When 
the liquid nitrogen flow rate is stabilized by adjusting the valve, then turn on the pump and electric 
heating of heating circuit, and set the parameters to the anticipating designed working operation. In 
step 5, as the parameters settle down instability, experiment observation, take photos and data 
collection are carried out. And in step 6, turn off the heating circuit after the experiment for priority, 
and the cooling circuit in secondary. The experiment operation parameters are summarized in Table3. 

 

 
Fig.5. Flow chart of experimental operating procedures 

 

Table 3. Operating parameters of the condensation experiment 

Item Operating parameters Value Unit 

1 Evaporating/Condensing pressure 0.8-1.7 MPa 

2 Water temperature 20-50 ℃ 

3 Liquid nitrogen flow 10-25 Kgh-1 

3. Data Reduction and Uncertainty Analysis 

The main purpose of this study is to obtain the HTC of propane condensation. the tube outside HTC 
(ho) is obtained with the thermal resistance separation method and consist of four parts, which is 
calculated by: 
 

                       (1) 

 

Where 1/ho is the condensation thermal resistance outside the tube; 1/k is the overall thermal 
resistance of the heat transfer; Rf is fouling thermal resistance, which could be ignored in the present 
work; Rw is the tube wall thermal resistance, which is calculated by: 
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                            (2) 

 

Where λ is the thermal conductivity of stainless steel; do and di are the inner diameter and outer 
diameter of the tube, respectively. 

The overall HTC is calculated with: 

 

                                 (3) 

 

Whereφ is heat transfer from the liquid nitrogen to the propane; Ao is the tube outside heat transfer 
area. is the logarithmic mean temperature difference. 

When the propane reaches saturation and dynamic equilibrium during the experiment, the heat 
transfer rate to the vapor of propane is supplied by the liquid nitrogen, which is calculated by: 

 

                              (4) 

 

Where tc,in , tc,out are the inlet and outlet temperature of cooling source; mc is the mass flow rate of 
liquid nitrogen; cp is the specific heat capacity corresponding to the mean temperature of inlet and 
outlet flow. is the logarithmic mean temperature difference, which is calculated by: 

 

                       (5) 

 

Where ts is the saturation temperature of propane in the shell. 

The inside HTC (hi) can be determined by Gnielinski equation, which is expressed as: 

 

                     (6) 

 

Where λ is the thermal conductivity of nitrogen; the friction factor f is expressed as: 

 

                          (7) 

 

The enhancement factor of film condensation is defined as: 

 

                           (8) 

 

Table 1 lists the instruments and measurement uncertainty. The experimental uncertainty is estimated 
according to Refs. [23]. The confidence level for all measurements is 95%. The possible uncertainty 
of heat flux for most data(93%) is less than 6%; k is less than 4.3%; is 1.2%; 
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4. Results and Discussions 

The main factors affecting the condensation and overall HTCs of propane outside the tube, such as 
heat flux, saturation temperature and liquid nitrogen velocity, are analyzed and discussed in this 
section. 

4.1 Effect of Heat Flux on Overall HTC 

As shown in Fig. 6 and Fig. 7, the overall HTCs of propane versus internal liquid nitrogen velocity 
in different heat flux at saturation temperature of 20℃, 25℃ and 30℃ for smooth and enhanced 
stainless steel tube. 

 

 
Fig. 6. Overall HTCs versus nitrogen velocity       Fig. 7. Overall HTCs versus nitrogen 

velocity 

at different heat flux for the smooth tube             at different heat flux for enhanced tube 
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For the smooth tube in Fig. 6 (a)-(c), it is clear that the overall HTC increases with the increment of 
nitrogen velocity. It is also noticed that with a specified nitrogen velocity, increasing the heat flux 
can appropriately increase the HTC. In particular, the rate of rising is changed for different saturation 
temperatures. The values of overall HTC are found to be 16.6, 17.4 and 18.1 Wm-2K-1 when the heat 
flux are 0.9 kWm-2, 1.0 kWm-2 and 1.1 kWm-2 under the saturation temperature is 20℃. And the 
overall HTC values are increased to 20 Wm-2K-1 under a heat flux of 1.1 kWm-2 at the saturation 
temperature of 30 ℃. Remarkably, the variation of the overall HTC with heat flux was more obvious 
at the saturation temperature of 30°C, which was 14.38%~17.69% and 14.1%~28.5% increase, 
respectively. The overall HTC for propane at heat flux of 1.1 is the largest compared with other heat 
flux. For the enhanced tube in Fig.7 (a)-(c), the typical features are similar with the smooth tube. The 
overall HTC increases with the increment of internal cryogenic nitrogen velocity. The values of 
overall HTC are found to be 16.8, 22.7, 22.6 Wm-2K-1 under the saturation temperature is 20℃. 
However, the overall HTC at heat flux of 1.0 kWm-2 and 1.1 kW/m2 gradually converge with the 
increase of the cryogenic nitrogen velocity, and the heat flux has less influence on the overall heat 
transfer coefficient at the saturation temperature of 30℃. From Fig. 6 and Fig. 7, the influence of heat 
flux on overall HTC is more obvious for the enhanced tube. The main reason is that the fin outside 
the enhanced tube increases the heat transfer area. 

4.2 Effect of the Saturation Temperature on HTC 

The condensation process can be observed during the experiments. In addition, the picture is taken 
for each experimental run, as shown in Fig. 8. For the testing tubes, the HTC is influenced by the 
external surface structure and saturation temperature. Fig. 8 (a)-(f) shows the condensation modes of 
the enhanced tube at the saturation temperature of 20~45°C. As we can see, the transition from 
dropwise to column mode is depicted. In the pictures, the saturation temperature is given for each 
experimental state. According to Fig. 8 (a)-(e), it can be found that the thickness of the condensate 
film increases continuously with the increase of the saturation temperature. As the saturation 
temperature increases, droplets are gradually formed and drip off. At the saturation temperature of 
45°C, a column of condensate is generated as depicted in Fig. 8 (f). 

 

 
Fig.8 The saturation temperature: (a) 20℃ (b) 25℃ (c) 30℃ (d) 35℃ (e) 40℃ (f) 45℃ 

 

The influence of saturation temperature on overall HTC for the data points mentioned earlier in Fig. 
6 and Fig. 7. As can be seen that, the influence of saturation temperature on HTC is more obvious for 
the enhanced tube. For the smooth tube, the values of the overall HTC vary in the range of 13.5~18.1, 
13.6~18.4 and 12.6~20.1 Wm-2K-1 under the saturation temperature of 20, 25 and 30℃, respectively. 
For the enhanced tube, the overall HTC varies in the range of 13.6~22.6, 14.9~22.7 and 14.1~21.9 
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Wm-2K-1 under the saturation temperature of 20, 25 and 30℃, respectively. From the above results, 
it is concluded that the major difference might be the changes in surface tension and viscosity for the 
propane at different saturation temperatures. As depicted in Fig. 9, the HTC enhancement factors 
between the smooth and enhanced tube vary in the range of 1.09~1.25. For the enhanced tube, the 
surface tension to density ratio of the working medium becomes the dominant factor, which is affected 
the heat transfer characteristics of the film condensation outside the tube. The results prove that the 
2D structure of the surface of the enhanced tube reduces the thickness of the condensate film. 

 

 
Fig. 9 The enhancement factor of smooth and enhanced tube 

4.3 Effect of Liquid Nitrogen Velocity on Overall HTCs 

In order to investigate the influence of tube inside heat transfer, the effect of liquid nitrogen velocity 
on overall HTC is studied. Fig. 10 clearly shows the overall HTCs vs. liquid nitrogen velocity at 
different saturation temperatures. The trend of the smooth tube is shown in Fig. 10 (a), it could be 
observed that the HTC increases and then decreases with the velocity of liquid nitrogen. The highest 
overall HTC of 20.6 Wm-2K-1 was obtained at a saturation temperature of 45°C and a liquid nitrogen 
velocity of 5.5 m/s. The phenomenon would be explained with the velocity of liquid nitrogen is too 
high, leading to a sharp drop in the temperature difference between the inlet and outlet of the tube, 
and resulting in the phenomenon of "large flow rate and small temperature difference". 

 

 
(a)                                           (b) 

Fig. 10 Effect of liquid nitrogen velocity on the overall HTCs (a) Smooth tube (b) Enhanced tube 

 

The variation tendency of the enhanced tube is shown in Fig. 10 (b). The trend of the overall HTC 
with the liquid nitrogen velocity is basically the same as that of the smooth tube. The overall HTC 
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increases with the increase of liquid nitrogen velocity when the cryogenic nitrogen velocity is 4.5~5.5 
m/s. However, the overall HTC decreases with the increase of nitrogen velocity in the range of 
5.5~8.5m/s, and the decreasing trend was most obvious at the saturation temperature of 40°C. In 
addition to the reasons mentioned above, the change of thermal conductivity of the U-shaped tube is 
also an important influencing factor to cause the decrease of the overall HTC. Table 4 is the thermal 
conductivity of stainless steel at different temperatures. It can be seen that the thermal conductivity 
of 316L decreases as the temperature decreases. From Fig. 10 (a) and (b), the overall HTC of the 
enhanced tube is significantly higher than the smooth tube. Compared with the smooth tube, the 
overall HTC of the enhanced tube is increased by 10.34%, 2.7% and 10.19% at the saturation 
temperature of 35~45°C, respectively. 

 

Table 4. The thermal conductivity of stainless steel 

T (K) λ (Wm-1K-1) 

80 7 

120 9.8 

150 11.8 

200 13.7 

295 16 

 

As shown in Fig. 11, the present experimental results on the smooth and enhanced tube are also 
compared with some existing literature [16, 22] for low thermal conductivity tubes. All experimental 
results were obtained at a saturation temperature of 40°C. The material of tubes is stainless steel and 
titanium. The thermal conductivity and detailed parameters of tubes could be seen in Table 5. 

 

 
Fig.11. Comparison of overall HTC of experiment results for low thermal conductivity tubes 

 

As can be seen that, the HTC is increased with the increase of cooling source velocity. 

It is also discovered that the overall HTC obtained in the present work was much lower than other 
researchers at a saturation temperature of 40°C. The phenomenon would be explained with two 
reasons. On the one hand, the film condensation heat transfer on U-shaped tubes was carried out in a 
large-scale confined space. On the other hand, the difference in the cooling source is the main reason 
for the lower overall HTC. Water is selected as the cooling source in literature [16, 22], and the inlet 
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temperature of tube is 25℃ and 32℃, respectively. In addition, liquid nitrogen as the cooling source 
causes a large temperature difference, which is around 200℃. 

 

Table 5. The thermal conductivity and detailed parameters of tubes 

Tubes 
λ 

 (Wm-1K-1) 

Do  

(mm) 

Din 

(mm) 

Wfin 

 (mm) 

Hfin 

(mm) 
  

(fpi) 

Smooth stainless steel 

(Ji et al. 2014) 
15.2 17.92 14.72 - - - 

Smooth stainless steel 

(Ji et al. 2014) 
15.2 19.00 15.72 0.458 0.868 28 

Smooth titanium 

(Ji et al. 2018) 
22 15.99 14.85 - - - 

Smooth titanium 

(Ji et al. 2018) 
22 16.01 14.87 0.362 0.300 33 

5. Conclusion 

In this study, film condensation heat transfer of propane on smooth and enhanced stainless steel tube 
in a large-scale confined space were investigated. Liquid nitrogen as the cooling source to simulate 
LNG. The saturation temperatures vary in the range of 20℃~45℃ and the heat flux varies ranging 
from 0.9~1.1 kWm-2. According to the experimental results, the main conclusions can be drawn as 
follows: 

(1) The overall heat transfer coefficient increases with the increase of heat flux at the saturation 
temperature of 20~30°C. The effect of heat flux on the overall HTC is most pronounced at a saturation 
temperature of 30°C. The overall HTC of enhanced tubes is generally higher than that of the smooth 
tube. 

(2) According to the observation, it can be seen that the thickness of the condensate film increased 
with the increase of the saturation temperature, and the condensate drops fell faster and faster at the 
saturation temperature of 20~45℃. A column of condensate is formed at the saturation temperature 
of 45°C. 

(3) The overall HTC increases with the increase of saturation temperature for a certain velocity of 
liquid nitrogen. At the saturation temperature of 35~45℃, the overall HTC increases with the increase 
of cryogenic nitrogen velocity in the range of 4.5~5.5ms-1. However, the liquid nitrogen velocity is 
in the range of 5.5~8.5ms-1, the overall HTC to decrease instead with the increase of its velocity. 

(4) The results of overall HTC are far lower than the experimental results of others, the main reason 
is that this study used liquid nitrogen as the cooling source causes a large temperature difference of 
about 200°C. In addition, the deeper reasons remain to be explored. 
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Nomenclature 

General symbols Subscripts 

A area [ m2 ] b boiling 

cp specific heat capacity [J kg-1 K-1] c condensing 

d diameter of tube [mm] i inside of tube 

e height of outside fin [mm] in inlet of tube 

f drag coefficient ip inside of plain tube 

g gravitational acceleration [m s-2] l liquid 

h heat transfer coefficients [W m-2 K-1] o outside of tube 

i enthalpy [kJ kg-1] out outlet of tube 

k overall heat transfer coefficients [W m-
2 K-1] 

p plain 

L tube length [m] s saturation 

m mass flow rate [kgs-1] w wall 

Pr Prandtl number in Gnielinski equation  

q heat flux [Wm-2] Abbreviation 

Re Reynolds number LNG liquefied natural gas 

 
thermal resistance of foul [m2 KW-1] AAV ambient air vaporizer 

 
thermal resistance of tube wall [m2 
KW-1] 

ORV open rack vaporizer 

t Temperature [℃] SCV submerged combustion vaporizer 

 IFV intermediate fluid vaporizer 

Greek symbols MPFH
E 

multi-stream plate-fin heat 
exchanger 

 
heat transfer rate [W] HTC heat transfer coefficient 

 
Thermal conductivity [W m-1 K-1]   

 
viscosity [Pa s]   

 Thermal conductivity [Wm-1K-1]   

 
density [kg m-3]   

r latent heat [kJ kg-1]   

 
surface tension [mN m]   

logarithmic mean temperature 
difference [K] 

  

 


