
POLISH MARITIME RESEARCH, No 2/202076

POLISH MARITIME RESEARCH 2 (106) 2020 Vol. 27; pp. 76-84
10.2478/pomr-2020-0029

DESIGN AND EXPERIMENT OF LOW-PRESSURE GAS SUPPLY 
SYSTEM FOR DUAL FUEL ENGINE

Xiaoyong Gu1

Guohe Jiang1

Zhenghua Guo2

Shangzhi Ding2

1 Shanghai Maritime University, China
2 Shanghai Marine Equipment Research Institute, China

ABSTRACT

A low-pressure gas supply system for dual fuel engines was designed to transport liquid natural gas from a storage 
tank to a dual fuel engine and gasify it during transportation. The heat exchange area and pressure drop in 
the spiral- wound heat exchanger, the volume of the buffer tank and the pressure drop in the pipeline of the gas 
supply system were calculated by programming using Python. Experiments were carried out during the process 
of starting and running the dual fuel engine using this gas supply system. Experimental data show that the gas 
supply system can supply gas stably during the process and ensure the stable operation of the dual fuel engine. 
The effects of the parameters of natural gas and ethylene glycol solution on the heat exchange area of the spiral-
wound heat exchanger and the volume of the buffer tank in the gas supply system were studied. The results show 
that the heat exchange area calculated according to pure methane can adapt to the case of non-pure methane. The 
temperature difference between natural gas and ethylene glycol solution should be increased in order to reduce 
the heat exchange area. The heat exchange area selected according to the high pressure of natural gas can adapt 
to the low pressure of natural gas. The volume of the buffer tank should be selected according to the situation of 
the minimum methane content to adapt to the situation of high methane content. The main influencing factor in 
selecting the volume of the buffer tank is the natural gas flow. The results can provide guidance for the design of 
the gas supply system for dual fuel engines.
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INTRODUCTION

As a reliable fuel, diesel-oil has been used widely in large 
ships. However, SO2 and NOX released by diesel combustion are 
harmful to human beings and pollute the environment [1]. In 
order to control the emission of SO2, many countries [2, 3] have 
tested and analysed the amount of SO2 in air. If the amount of 
NOX and hydrocarbons in the atmosphere reaches a certain 
value under ultraviolet radiation, photochemical reactions will 
be caused, and finally photochemical smog will be formed. 
Photochemical smog is very harmful to human beings [4].

In order to reduce the amount of air pollutants from 
ships, the International Maritime Organization (IMO) has 
proposed that the sulphur content in ship fuel should be less 
than 0.5% from January 1, 2020 [5]. The NOX emission of 
a ship engine with a speed of 1000 rpm should be less than 
2.25 g/(kW·h) [6].

Using natural gas instead of diesel is an important way 
to reduce the emission of air pollutants. Dual fuel engines 
are used to enable natural gas to provide power to ships. The 
operation mode of the dual fuel engine is divided into oil 
mode and gas mode.
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In the oil mode, diesel is used and natural gas is not used. In 
the gas mode, natural gas is used mainly, and a small amount 
of diesel is used to ignite the natural gas. There are almost 
no SO2 emissions due to the low sulphur content of natural 
gas. In addition, the emission of SO2 from the combustion of 
diesel is very small relative to the total emission. In general, 
the emission of SO2 in the gas mode of a dual fuel engine is 
much lower than that of a diesel engine. Dual fuel engines 
also emit less nitrogen oxide than diesel engines [7, 8].In 
order to facilitate storage and transportation, natural gas is 
usually liquefied and stored in tanks at a certain pressure 
and gasified when needed. A dual fuel engine uses natural 
gas rather than liquid natural gas, so a gas supply system is 
needed to heat and gasify the liquid natural gas into gaseous, 
pressurised, temperature-controlled gas to be burned in dual 
fuel engines. Gas supply systems typically include gasifiers, 
buffer tanks, and accessory pipes. In addition, pumps are 
required in high-pressure gas supply systems to supply gas 
to two-stroke dual fuel engines [9].

This paper mainly discusses the low-pressure gas supply 
system as shown in Fig. 1. LNG from the storage tank is gasified 
and heated to a certain temperature in the gasifier, passing 
through the buffer tank and entering the GVU. The fluid used 
to exchange heat with the LNG in the gasifier is ethylene glycol 
aqueous solution, due to its high specific heat capacity, low risk 
and non-solidification at 0°C. After cooling with natural gas, 
the ethylene glycol solution is heated by hot water from the 
ship’s engine and pressurised by pump. There is no pump in 
the system to pressurise the natural gas due to the fact that the 
natural gas pressure has been reduced through the gasifier and 
pipeline. However, it is still higher than the allowable supply 
pressure of the dual fuel engine. The equipment gasifying the 

LNG in the system is a heat exchanger. Nowadays the widely 
used heat exchangers are plate heat exchangers [10], shell heat 
exchangers [11] and u-tube heat exchangers [12]. Compared 
with these heat exchangers, spiral-wound heat exchangers have 
a compact structure, high operating pressure in the tube and 
high heat exchange efficiency [13]. They have great advantages 
for ships which have limited equipment space. The spiral-
wound heat exchanger is mainly composed of the core tube, 
spacer, heat transfer tube and shell, and the working substance 
in it can be methane, ethane, propane, nitrogen, etc., which is 
used widely in the gasification and heating of natural gas. In 
addition, as the amount of LNG in the storage tank decreases, 
the pressure in the storage tank decreases. In order to maintain 
the stability of the pressure in the storage tank, a small amount 
of LNG needs to be gasified and transported back to the tank. 
Therefore, the gasifier is divided into two zones: the LNG 
gasified in zone 1 is transported to the dual fuel engine, and 
the LNG gasified in zone 2 is transported back to the storage 
tank. The spiral-wound heat exchanger is the most important 
equipment in the whole gas supply system. Selecting a buffer 
tank with the right volume can help to keep the supply pressure 
stable when the natural gas flow is increased. Without a buffer 
tank, the dual fuel engine will switch automatically from gas 
mode to oil mode when it is loaded.

In this paper, a low-pressure gas supply system is designed. 
In order to verify the reliability of the designed system, 
experiments on the start-up and operation of the gas supply 
system and dual fuel engine are carried out. By changing 
the composition, mass flow, temperature and pressure of 
the natural gas and the temperature of the ethylene glycol 
aqueous solution, the changes of the main components of the 
gas supply system are obtained, and the problems needing 

NOMENCLATURE

A – heat exchange area (m2)
D – shell side fluid equivalent diameter (m)
d – piping diameter (m)
do – piping outside diameter (m)
Gr – Grashof number
g – gravitational acceleration (m/s2)
h – heat transfer coefficient (W/m2/K)
hin – enthalpy of inlet natural gas (J/kg)
hout – enthalpy of outlet natural gas (J/kg)
il-g – latent heat of vaporisation (J/kg)
K – total heat transfer coefficient (W/m2/K)
Nu – Nusselt number
Pr – Prandtl number
∆p – pressure drop (MPa)
∆Q – heat exchange (W)
qm – mass flow intensity of natural gas (kg/s)
R – gas constant (J/mol/K)
Ri – fouling thermal resistance in pipe (K/W)
Ro – fouling thermal resistance out of pipe (K/W)
Re – Reynolds number

T1 –  inlet temperature of ethylene glycol aqueous 
solution (K)

T2 –  outlet temperature of ethylene glycol aqueous 
solution (K)

t1 – inlet temperature of natural gas (K)
t2 – outlet temperature of natural gas (K)
u – velocity (m/s)
Vm – volume (m3)
Wg – mass flow of natural gas (kg/s)
Wl – mass flow of liquid natural gas (kg/s)
x – quality
α – coefficient of thermal expansion (K-1)
λ – thermal conductivity (W/m/K)
λf – resistance coefficient
ρg – density of natural gas (kg/m3)
ρl – density of liquid natural gas (kg/m3)
μg – dynamic viscosity of natural gas (Pa·s)
μl – dynamic viscosity of liquid natural gas (Pa·s)
μf – dynamic viscosity at flow temperature (Pa·s)
μw – dynamic viscosity at wall temperature (Pa·s)
ν – kinematic viscosity (m2/s)
ζ – coefficient of local resistance
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hs = λNu/d        (12)

The thermal resistances of the tube side, wall and shell 
side are determined as follows:

R1 = 1/hl        (13)

R2 = ln( )d/2λw      (14)

R3 = d/(do hs)       (15)

The total heat transfer coefficient is determined as follows:

K =  + R1 + do Ro/d   (16)

The frictional pressure drop in the tube is determined by 
the formula provided by Wang [23]:

∆plg = φ f G2l/(2ρld)c      (17)

c = 1 + x(  –1)      (18)

φ = (Re )0.05     (19)

f = 0.3164/Re0.25      (20)

∆pao = (  +  )o     (21)

∆pai = (  +  )i      (22)

∆pt = ∆plg + ∆pao – ∆pai     (23)

The pressure of natural gas is 0.9 MPa and the corresponding 
saturation temperature is 144.41 K. Table 1 shows the data 
used in the calculation.

The result is calculated by programming using Python, 
and the heat exchange area of the heat exchanger is found 
to be 3.25 m2 and the pressure drop in the tube is 1.749 kPa.

In addition to the formulas used to design the heat 
exchanger, the formulas used to design the buffer tank are 
as follows: 

p =  –       (24)

Num = 0.48(GrPr)1/4     (25)

Gr = gα∆td3/v2      (26)

attention in the design of the gas supply system are made 
clear. This provides a reference for the design of the gas supply 
system for the dual fuel engine.

DESIGN AND EXPERIMENT

DESIGN OF GAS SUPPLY SYSTEM

The gas supply system is mainly composed of the spiral-
wound heat exchanger, buffer tank and accessory pipes. The 
design method is shown below.

The design of the heat exchanger includes the calculation 
of the heat exchange area and pressure drop. 

The heat transfer model formula used in calculation is 
shown below [14–20]:

∆Q = qm(hout – hin)     (1)

A = ∆Q/(K∆t)      (2)

∆t =       (3)

Re = ud/v       (4)

The saturation boiling heat transfer model provided by 
Shah is used to determine the heat transfer coefficient in the 
tube side [21]:

G = 4qm/(πd2)       (5)

FrIO = G2/gDρ2       (6)

N = (  –1)0.8(ρg/ρl)
0.5     (7)

hc = 1.8hl /N
 0.8       (8)

hl = 0.023Re 0.8Pr 0.4 λ/d     (9)

The shell side heat transfer coefficient is determined by 
the formula provided by Patil [22]: 

Nu = 0.36Re 0.55Pr 0.33 (μ/μw) 0.14    (10)

μ/μw = 0.95        (11)

Fig. 1. Low-pressure gas supply system

Tab. 1. Data used in the calculation

Inlet temperature of natural gas (K) 111.15

Outlet temperature of natural gas (K) 283.15

Flow intensity of natural gas (kg/h) 180

Flow of ethylene glycol aqueous solution (m3/h) 20

Inlet temperature of ethylene glycol aqueous solution (K) 285.45
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Table 2 shows the data used in the calculation.

The result calculated by programming using Python is 
that the buffer tank volume is 230 dm3.

The pressure loss in the pipelines transporting LNG is 
calculated according to the following formulas:

∆pl1 = λflρv2/2d      (27)

∆pl2 = ξρv2/2        (28)

∆pl = ∆pl1 + ∆pl2      (29)

Table 3 shows the pipeline parameters and calculation 
results.

EXPERIMENT 

A dual fuel engine made by Wartsila, model W6L20DF, 
was used in this experiment. The heat exchanger and dual 
fuel engine are shown in Fig. 2.

The dual fuel engine was started in oil mode. It was 
switched to gas mode manually when the load was 350 kW. 
At this time, the dual fuel engine was fuelled by gas and 
only a small amount of diesel-oil was injected to ignite the 

gas. After switching to the gas mode, the load was gradually 
increased from 350 kW to 900 kW. The dual fuel engine ran 
for 23 min at the load of 900 kW. Over time, the mass of 
natural gas in the storage tank decreased and the gas pressure 
decreased. When the gas pressure was lower than 0.5 MPa, 
the dual fuel engine switched automatically to oil mode.

DISCUSSION

During the period the load increased from 450 kW to 
900 kW. The inlet and outlet temperature of ethylene glycol 
aqueous solution, as well as the temperature and pressure of 
natural gas are shown in Fig. 3.

As shown in Fig. 3, the temperature of the gas changes very 
little in the first 200 seconds, but when the load increases to 
750 kW, the gas temperature shows a sudden dropping trend. 
This is because the residual natural gas in the heat exchangers 
and buffer tanks before the dual fuel engine start-up had 
been heated to a certain temperature. The dual fuel engine 
consumed this gas first. At this time, the flow of natural gas 
from the storage tank was small because of the small load, 
and the natural gas was heated to a higher temperature in the 
heat exchanger. With the passage of time and the increase 
of load, the residual natural gas was used up, and the flow of 
natural gas from the storage tank increased greatly. Compared 
with the residual gas, the temperature of this gas was lower, 
so the outlet temperature of the gas dropped suddenly. When 
the load changed, the pressure of the natural gas fluctuated 
but not greatly.

As the natural gas is consumed in the storage tank, the 
natural gas pressure decreases. If the pressure of the natural 
gas decreases to 0.5 MPa, the dual fuel engine will switch 
to oil mode. When the load is 900 kW, the inlet and outlet 
temperature of the ethylene glycol aqueous solution, as well 
as the temperature and pressure of the natural gas are as 
shown in Fig. 4.

As shown in Fig. 4, with the course of time, the pressure 
of the natural gas decreased gradually, and the inlet and 
outlet temperatures of the ethylene glycol aqueous solution 

Tab. 2. Data used in the calculation

Tab. 3. Pipeline parameters and calculation results

Inlet temperature of natural gas (K) 283.15

Inlet pressure of natural gas (MPa) 0.9

Outlet minimum pressure of natural gas (MPa) 0.85

Maximum flow of natural gas (kg/h) 200

Maximum surge rate 0.5

Length
(m)

Diameter
(mm) elbow Pressure 

drop(kPa)

Liquid 3 20 4 0.17

Gas 5 25 1 4.8

Fig. 2(a). Spiral-wound heat exchanger Fig. 2(b). Dual fuel engine
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were relatively stable. So, the gas supply system can supply 
gas stably before the dual fuel engine switches to oil mode. 
The gas temperature increased from 6.3°C to 6.4°C with the 
decrease of pressure. This is because the specific heat capacity 
decreased as the pressure decreased. In the process shown in 
Fig. 4, the inlet and outlet temperatures of the ethylene glycol 
aqueous solution were constant, so the heat exchange was 
constant. As the gas pressure decreased, this heat exchange 
raised the temperature of the natural gas to a higher level.

The cylinder pressure and exhaust temperature of the dual 
fuel engine during the experiment are shown in Fig. 5.

As shown in Fig. 5, the cylinder pressure increased from 
6.35 MPa to 15.45 MPa with the increase of load; the highest 
exhaust temperature was 480oC and the lowest was 460°C, 
with a variation range of only 4.17%. The dual fuel engine ran 
stably without stopping or switching to oil mode.

Concluding, the gas supply system can supply gas stably 
at the start-up and running process of the dual fuel engine.

When designing the gas supply system, the main issue is 
to design the heat exchange area of the spiral-wound heat 
exchanger and the volume of the buffer tank. Both these 
values are affected by the mass flow, temperature and pressure 
of the natural gas, as well as the temperature of the ethylene 
glycol solution. Although a heat exchanger having a large heat 
exchange area and a buffer tank having a large volume can 
adapt to various conditions, the cost is very high. Therefore, 
it is necessary to discuss the minimum heat exchange area 
required for the heat exchanger and the minimum volume 
required for the buffer tank. These are analysed below.

In order to investigate the applicability of the gas supply 
system, three variants of natural gas components are selected, 
and the gas content in each group is shown in Table 4.

Group 2 is from Shengli oil field, group 3 is from Pinghu 
oil and gas field.

With the change of natural gas flow, the change of the 
heat exchange area of the spiral- wound heat exchanger is 
shown in Fig. 6.

As shown in Fig. 6, the heat exchange area increases with 
the increase of the natural gas flow. Due to the increase of 
the natural gas flow, the amount of heat required per unit 
of time increases. According to the heat transfer model of 
the heat exchanger, increasing the heat exchange area can 
increase the heat exchange per time unit. In addition, different 
components of natural gas require different heat exchange 
areas. With the increase of the methane volume fraction, the 
heat exchange area of the heat exchanger increases. This is 
because of methane’s larger specific heat capacity compared 
with the other alkanes in natural gas. In order to make the 
three groups reach the same outlet temperature, a larger heat 
exchange area is needed by group 1 to obtain enough heat 
than group 2 and group 3. Therefore, the design of the gas 
supply process should be based on natural gas with a methane 
content of 100%. 

When the natural gas temperature is lower than the 
requirement for dual fuel engines, the dual fuel engine will 
stop or switch automatically to oil mode. In order to ensure 
that the dual fuel engine runs stably in the gas mode, the outlet 

Tab. 4. Natural gas components in three groups (%,volume)

Group methane ethane propane nitrogen other 

1 100 – – – –

2 87.75 3.78 3.74 0.02 4.71

3 77.76 9.74 3.85 1.27 7.38

Fig. 3. Parameters change with time

Fig. 4. Parameters changes before switching to oil mode

Fig. 5. Cylinder pressure and exhaust temperature vs. engine load
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temperature of the spiral- wound heat exchanger must be 
maintained within a certain range. As the outlet temperature 
of the heat exchanger changes, the heat exchange area of the 
spiral-wound heat exchanger changes as shown in Fig. 7.

As shown in Fig. 7, the heat exchange area increases with 
the increase of the outlet temperature of the heat exchanger. 
Because the higher outlet temperature needs more heat 
exchange, increasing the heat exchange area can increase the 
heat exchange per unit of time. In addition, with the increase 
of the outlet temperature, the heat exchange area of the heat 
exchanger increases sharply. This is because, with the small 
temperature difference between hot and cold fluids at the end 
section of the heat exchanger, resulting in the reduction of 
heat flow per unit area, the heat exchange area required by 
natural gas to absorb the same amount of heat is larger than 
the first section of the heat exchanger. 

The heat source for heating natural gas is ethylene glycol 
aqueous solution. Different temperatures of the ethylene 
glycol solution need a different heat exchange area of the 
spiral-wound heat exchanger to ensure that the temperature 
of the natural gas is at a certain value. It can be seen from 
the experiment that the temperature difference between 
the inlet and outlet of the ethylene glycol aqueous solution 
is small (about 2°C). Therefore, the change of temperature 
is reflected by the change of the average value of the inlet 
and outlet temperature. Under the premise that the outlet 

temperature of natural gas is 10°C, the relationship between 
the heat exchange area of the spiral-wound heat exchanger 
and the temperature of the ethylene glycol aqueous solution 
is shown in Fig. 8.

As shown in Fig. 8, the heat exchange area decreases with 
the increase of temperature of the ethylene glycol aqueous 
solution. This is because the temperature of the ethylene glycol 
solution increases and the temperature difference between 
hot and cold fluids increases, which leads to the increase of 
heat flow per unit area. When the same amount of heat is 
transferred, the larger the heat flow per unit area, the smaller 
the heat exchange area is required. 

In order to study whether the heat exchange area is affected 
by the natural gas pressure, the relationship between the heat 
exchange area of the spiral-wound heat exchanger and the 
natural gas pressure is shown in Fig. 9.

As shown in Fig. 9, the heat exchange area hardly changes 
with the change of natural gas pressure. This is because the 
change of natural gas pressure has little influence on the 
parameters that affect the heat exchange area. Take pure 
methane as an example: when the pressure of pure methane 
decreases from 0.9 MPa to 0.85 MPa and the temperature 
remains at –100°C, the specific heat capacity will decrease 
by 0.93%, the density will decrease by 6.13%, the dynamic 
viscosity will decrease by 0.11%, and the thermal conductivity 
will decrease by 0.48%. 

Fig. 6. Heat exchange area of heat exchanger varying with 
the natural gas flow

Fig. 8. Heat exchange area of heat exchanger varying with 
the temperature of the ethylene glycol solution

Fig. 7. Heat exchange area of the heat exchanger varying with 
the outlet temperature

Fig. 9. Heat exchange area of heat exchanger varying with 
natural gas pressure
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During the running process, the pressure of the natural gas 
will gradually drop. The variation of the buffer tank volume 
with the natural gas pressure is shown in Fig. 10.

As shown in Fig. 10, the volume of the buffer tank hardly 
decreases with the increase of the natural gas pressure. This 
is because the main factor influencing the buffer tank volume 
is the difference between the inlet and outlet natural gas 
flow. According to the van der Waals equation, pressure 
has little effect on mass. Therefore, when the natural gas 
pressure changes, the volume of the buffer tank changes 
very little. In addition, the buffer tank volume required for 
group 3 is larger than for group 1 and group 2. The buffer 
tank volume should be designed based on natural gas with 
a low methane content.

The natural gas flow of a dual fuel engine is different under 
different load conditions. The buffer tank needs to be adapted 
to sudden changes in natural gas flow. The variation of the 
buffer tank volume with natural gas flow is shown in Fig. 11.

As shown in Fig. 11, the buffer tank volume increases with 
increase of the natural gas flow. Due to the increase of the 
natural gas flow, the difference between the inlet and outlet 
flow increases, and a larger volume of buffer tank is needed 
to solve natural gas flow changes. In addition, the three 
groups of natural gas require the same buffer tank volume 
at different natural gas flows. The design of the buffer tank 
should consider the case of the maximum natural gas flow 
to avoid the shutdown of the dual fuel engine caused by the 
natural gas flow increasing suddenly.

CONCLUSION

A low-pressure gas supply system is designed for a dual 
fuel engine and experiments were conducted on it. The 
experimental data show that the system can supply gas stably 
during the start-up and running of the dual fuel engine, and 
that the dual fuel engine can run stably under various loads.

When designing the heat exchange area of the spiral-
wound heat exchanger in the low-pressure gas supply system, 
the case of pure methane should be taken into account, so 
the calculated heat exchange area will also apply to natural 

gas with a low methane content. A larger heat exchange area 
is required when increasing the natural gas flow, increasing 
the outlet temperature of the natural gas and decreasing the 
temperature of the ethylene glycol solution. Although the heat 
exchange area has little relation with the natural gas pressure, 
the maximum natural gas pressure should be considered 
when calculating the heat exchange area. The volume of the 
buffer tank should increase with the increase of the natural 
gas flow. In addition, the volume of the buffer tank should 
be determined according to the minimum methane content.
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