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Abstract: For low speed diesel engines under severe ocean conditions, high efficiency air–water
separators must be equipped to separate excess moisture contained in the air and reduce the corrosion.
Optimal design of air–water separator is an indispensable part in the development of marine main
engines. In view of the complex gas–liquid two-phase turbulent motion within an air–water separator
with corrugated plates, a mathematical model is established and numerical simulations of flow field,
droplet trajectory and secondary transport are realized. The separation efficiency and pressure drop
of the air–water separator under different structure parameters and different working conditions are
studied. The results show that reducing the spacing of corrugated plate is helpful to improve the
separation efficiency. The bending and hydrophobic hooks of the corrugated channel are important
to improve the separation efficiency. The separation of droplet is mainly concentrated on the first
two stages of the air–water separator, and the separation efficiency at the third stage is significantly
reduced. Research results will further support corrugated plate theory, experimental research and
optimization design of similar separators.

Keywords: air–water separator; corrugated plate; discrete phase model; pressure drop;
separation efficiency

1. Introduction

When air entering the marine diesel engine passes through the supercharger and the air cooler
of the diesel engine, the moisture contained in the air condenses together to form water droplets.
The water droplets are brought into the scavenging box and cylinder of the diesel engine by the
pressurized air, causing the damage to the oil film on the cylinder and aggravating the corrosion and
wear of the cylinder, exhaust valve and piston ring, which results in the decline of the power and
economic performance of the diesel engine. In the case of high atmospheric humidity and low sea
temperature, condensation phenomenon will become more serious. Therefore, air–water separators
are essential equipment in the intake system of marine diesel engines.

Due to complex flow around internal components such as rectification and junction structures,
there is a lack of in-depth research on the mechanism how these components affect separation efficiency
of separators. In recent years, rapid development of multiphase flow theory and computer technology
has greatly promoted theoretical study gas–liquid separators. By comparing with experimental research
and numerical simulation technology can save cost, greatly shorten research period and can reveal
different component flow fields within specific influence of each area.
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Zhao et al. [1] and Bogodage et al. [2] used single particle dynamics model to numerically calculate
the moving track and separation efficiency of water droplets in the corrugated plate and pointed out
that the deflection angle of the corrugated plates should not be greater than 45◦. Li et al. [3] calculated
droplet trajectory phenomenon and separation efficiency and found that the droplets flow velocities at
different inlets corresponded to a critical particle size and the critical value decreased with the increase
of the inlet droplets velocity. Francesco [4] studied the performance evaluation and optimization of the
cyclone separator in terms of particle separation and heat transfer efficiencies, while keeping pressure
losses under control. Nagdewe et al. [5] performed a parametric analysis to get higher efficiency
for air-liquid separators and optimal design parameters are gained based upon obtained results of
tangential velocities, vortices, total pressure losses. Behin et al. [6] studied the single-stage separation
efficiency, total separation efficiency and pressure drop of a double-hooked corrugated plate separator
under hot condition by means of numerical simulation. Chen et al. [7] numerically studied the effects
of parameters such as air velocity, droplet size, folding plate form, spacing and installation mode
on the separation efficiency and pressure drop of a folded plate air-liquid separator and achieved
good comparison numerical results with the cold state experimental results. Le et al. [8] developed
a 3D multiphase Eulerian computational fluid dynamics to investigate the effect of a simultaneous
three-angular motion on the performance of an air-water-oil separator. Shastri et al. [9] numerically
investigated the effect of varying height ratios of cylinder and cone on the performance of the cyclone
separators and found the cylinder-to-cone ratio affected the fluctuating field much more than the
mean flow field. Gao et al. [10] proposed a new Q criterion to analyze the vortex in cyclones that had
various inlet structures. The Reynolds stress model (RSM) was used to simulate the gas flow and
found the vortex structure was intuitive according to the new isovortex surface that was obtained.
Zhang et al. [11] studied the flow field and separation efficiency of a high gravity rotary gas–liquid
separator by CFD techniques and compared the numerical results with the available experimental data.
Dasar et al. [12] reshaped the cylindrical portion of conventional cyclone separator by fixing triangular,
semicircular and rectangular cross section helical fins to improve separation efficiency. Fluid dynamic
characteristics were numerically studied by varying the fin geometry and found the cyclone separators
can be used as heat exchangers for energy conservation in industrial applications.

For large marine diesel engines providing power propulsion for large vessels, an air–water
separator with corrugated plates must be arranged to separate excess moisture contained in the air and
reduce the corrosion. In order to evaluate the separation performance of air–water separators with
different corrugated plates and to select the most appropriate separator for the studied marine diesel
engine, a numerical procedure is proposed and expected to present valuable data for performance
parameters. Based on the three-dimensional discrete phase model (DPM), a numerical model is
established and numerical simulations of flow field, droplet trajectory and secondary transport are
realized. An implicit solver based on pressure is applied to consider the large pressure gradient
characteristics of the flow field by using SIMPLE algorithm. The separation efficiency and pressure
drop of the air–water separator under different structure parameters and different working conditions
are studied by calculating and analyzing the flow of two phases inside the air–water separator.

2. Structure and Separation Principle of the Air–Water Separator

Air–water separator with corrugated plates is an effective gas–liquid separation device. When the
gas and liquid after enter corrugated plates at low speed along the waveform of the corrugated plates
of orbit curve movement and hit the corrugated plate in corner, water droplets are formed by inertia
force and molecular friction between water droplets and corrugated plates. When the droplets are large
enough, its weight will be greater than the force of adhesion and the buoyancy of the air flow on it;
therefore, they will drop and fall to the bottom of the corrugated plates. Further, the droplets are stuck
on the corrugated plates and gradually form a thin water film. Subsequently, the separated droplets
collide with the water film on the corrugated plate wall, and sink on the water film. The formed water
film flows downwards continuously by its own weight and accumulates droplets in the lowest part of
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the corrugated plates. The separation process is a complex process involving two-phase flow, swirl
flow, cyclone, separation and phase change [13].

The schematic diagrams of the studied air–water separator with corrugated plates are shown in
Figures 1 and 2. The air–water separator mainly includes corrugated plates, cyclone and net cushion.
The width and height of the main working body of the air–water separator are W and H, respectively.
The structural parameters of the single channel of the air–water separator mainly include total width
of the air–water separator W, total height of the air–water separator H, length of each corrugated plate
L, spacing between two corrugated plates B and turning angle of corrugated plates α.
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Figure 1. Structure of the studied air–water separator.
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Figure 2. Single channel structure of the air–water separator.

The basic structure size of the studied air–water separator and air inflow parameters of the
separator under different loads are listed in Tables 1 and 2. SMCR in Table 2 is the abbreviation of
specific maximum continuous rating of a marine main diesel engine.

Table 1. Basic structure size of the air–water separator.

Total Height,
H/m

Total Width,
W/m

Pattern of
Corrugated

Plate

Total Length,
L/m

Spacing between
Corrugated
Plates, B/m

Turning Angle
of Corrugated

Plates, α/◦

0.730 1.510 Single hook 0.195 0.030 45

Table 2. Air inflow parameters of the separator under different loads.

Loads, %SMCR 100 85 70 55 40 25

Air mass flow rate mair, kg/s 19 17 14.75 12.14 9.14 5.8
Droplets mass flow rate md, kg/s 0.377 0.337 0.293 0.240 0.180 0.115

Pressure of inflow air p, MPa 0.385 0.334 0.284 0.234 0.184 0.141

Density of inflow air ρ, kg/m3 4.327 3.803 3.262 2.708 2.1434 1.6099
Viscosity of inflow air µ, Pa·s 1.91 × 10−5 1.89 × 10−5 1.876 × 10−5 1.865 × 10−5 1.855 × 10−5 1.85 × 10−5
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3. Mathematical Model of the Air–Water Separator with Corrugated Plates

According to air–water two-phase flow in the air–water separator, the discrete phase model in the
Lagrange coordinate system is used to simulate the particle motion, and the air phase is considered as
continuous phase [14,15]. In the discrete phase model, the droplet motion is described by Lagrange
method. The basic assumption is that there is no collision and polymerization between the droplets,
the droplets are ideal spheres that are not deformed, and the droplet is completely captured by the plate
wall when it reaches the wall of the corrugated plates [16]. The gas phase is incompressible air in steady
state without consideration of buoyancy lift and internal friction heat dissipation. There is velocity slip
between droplets and air; droplet groups are not used as continuous media but are grouped according
to their initial size rather than local size; the droplets move in their respective orbits and do not interfere
with each other. There is no collision or polymerization between the droplets. The droplets are ideal
spheres with no deformation or rotation. There is no turbulent diffusion of each droplet itself.

The continuous equation and the momentum equation can be written as Equations (1) and
(2), respectively.
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+
∂uy

∂y
+
∂uz

∂z
= 0 (1)

∂uiu j

∂xi
= −

∂
∂x j

(
P
ρ
+

2
3

k) +
∂
∂xi

[µt(
∂ui
∂x j

+
∂u j

∂xi
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The turbulent K equation and ε equation can be written as Equations (3) and (4), respectively.
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where Gk is the turbulent flow energy produced by the laminar velocity gradient, Gb is the turbulent flow
energy generated by buoyancy, YM is a fluctuation caused by excessive diffusion in incompressibility,

µt =
Cµρk2

ε , C2, C1ε and C2ε are constants, σk and σε are the Prandtl number of K equation and
ε equation.

An implicit solver based on pressure is applied to consider the large pressure gradient
characteristics of the flow field by using the format of PRESTO! pressure interpolation. The method of
coupling pressure and velocity is using the SIMPLE algorithm [17–19].

Table 2 gives out the simulated air inflow parameters of the separator under different loads.
Different kinds of boundary conditions including the inlet, outlet and solid wall are employed to close
the equations. Inlet boundary condition is set to mass flow inlet varying with mass flow rate of air
inflow under different loads; outlet boundary condition is set to outflow type. The wall boundary
conditions are divided into two categories: (a) boundary conditions of the waveform partition of the
surfaces and hydrophobic hooks are set to “trap” which means the wall will trap droplets phase and
lead the termination of calculation; (b) the rest of the solid wall surface is set as no slip boundary
condition and the wall function method is adopted for the treatment of the near-wall area.

In the calculation process, water droplets in the air are analyzed as discrete phases. Firstly,
the distribution of droplet size employs Rosin–Rammler distribution description in which all particle
sizes are divided into size groups representing an average particle size. Particles’ trajectory is calculated
according to the average particle diameter.
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4. Analysis of the Numerical Simulation Results

4.1. Characteristics of the Two Phase Flow Field

Based on the above model and numerical process, detailed numerical simulation of running
performance of the studied air–water separator under different loads is carried out, and the distribution
of pressure, velocity and concentration in the air–water separator is obtained and analyzed. According
to the operation load of the low-speed marine diesel engine, 6 groups of representative working
conditions are selected.

In order to illustrate the distribution characteristics of the flow field, two sections of the flow
field are selected to analyze, and the relative position of the sections are shown in Figure 1. In the
analysis of the cross section, on the two sides of the wave channel the structure is simple and the
change of the flow field is not very obvious, so the local part of the corrugated plate channel is directly
analyzed. The typical velocity distributions of the air phase in the separator are shown in Figure 3.
From Figure 3a, it can be seen that the presence of baffle at the 90 degree bend makes the velocity
behind the baffle increase in the bend area. Figure 3b shows that the existence of a hydrophobic hook
and the curvature of the flow passage cause the unevenness of the velocity distribution, and a low
speed zone are correspondingly generated inside and behind each of the hook grooves. The maximum
velocity in the flow field exists in the top area of the hydrophobic hook, and the low speed zone is
at the bend of the corrugated plate. There is a distinct vortex at the back of the hydrophobic hook,
which is a low speed recirculation zone.

Processes 2020, 8, x FOR PEER REVIEW 5 of 12 

 

sizes are divided into size groups representing an average particle size. Particles’ trajectory is 
calculated according to the average particle diameter. 

4. Analysis of the Numerical Simulation Results 

4.1. Characteristics of the Two Phase Flow Field 

Based on the above model and numerical process, detailed numerical simulation of running 
performance of the studied air–water separator under different loads is carried out, and the 
distribution of pressure, velocity and concentration in the air–water separator is obtained and 
analyzed. According to the operation load of the low-speed marine diesel engine, 6 groups of 
representative working conditions are selected.  

In order to illustrate the distribution characteristics of the flow field, two sections of the flow 
field are selected to analyze, and the relative position of the sections are shown in Figure 1. In the 
analysis of the cross section, on the two sides of the wave channel the structure is simple and the 
change of the flow field is not very obvious, so the local part of the corrugated plate channel is directly 
analyzed. The typical velocity distributions of the air phase in the separator are shown in Figure 3. 
From Figure 3a, it can be seen that the presence of baffle at the 90 degree bend makes the velocity 
behind the baffle increase in the bend area. Figure 3b shows that the existence of a hydrophobic hook 
and the curvature of the flow passage cause the unevenness of the velocity distribution, and a low 
speed zone are correspondingly generated inside and behind each of the hook grooves. The 
maximum velocity in the flow field exists in the top area of the hydrophobic hook, and the low speed 
zone is at the bend of the corrugated plate. There is a distinct vortex at the back of the hydrophobic 
hook, which is a low speed recirculation zone. 

  

Figure 3. Velocity field distribution of the separator in different directions, m/s. (a) Longitudinal 
section. (b) Cross section. 

In Figure 4, one can see that the total pressure decreases gradually along the flow direction, and 
the low pressure area behind the hydrophobic hook at the end of the third stage is relatively large, 
which shows that the hydrophobic hook has a great influence on the flow field distribution of the 
corrugated plate channel. The total pressure behind the hydrophobic hook drops sharply near the 
recirculation zone, and the loss increases significantly. Due to the effect of mixing, the total pressure 
increases after the recirculation zone.  

 
 
 

Figure 3. Velocity field distribution of the separator in different directions, m/s. (a) Longitudinal section.
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In Figure 4, one can see that the total pressure decreases gradually along the flow direction,
and the low pressure area behind the hydrophobic hook at the end of the third stage is relatively large,
which shows that the hydrophobic hook has a great influence on the flow field distribution of the
corrugated plate channel. The total pressure behind the hydrophobic hook drops sharply near the
recirculation zone, and the loss increases significantly. Due to the effect of mixing, the total pressure
increases after the recirculation zone.

In the cloud diagram of the droplet phase concentration distribution shown in Figure 5, at the
first 90 degrees of the bend, the concentration of droplet phase in contact with the wall surface in
front of the baffle is very low because of the presence of the baffle, however, the concentration of the
droplet phase in the space near the wall is very low. After a period of aggregation, the droplets flow
down the wall to the lowest point of the structure of the air separator and then separate out. It is the
existence of the baffle that makes the airflow velocity behind the baffle very low, which reduces the
possibility of the droplet being carried twice and improves the separation efficiency. It is evident from
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Figure 5b that most of the droplets have been separated at the first two levels. Only the droplets with
very small diameters are trapped by the airflow and are not separated because of the smaller inertia
force, thus eventually escaping with the air flow.
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4.2. Influence of Structural Parameters on the Performance of the Air–Water Separator

Several structural parameters affect the pressure loss and separation efficiency of the air–water
separator, including the shape of the corrugated plate, the spacing, the size of the turning angle,
the existence of the hydrophobic hook and the position of the structure. Under different loads of the
main diesel engine, the performance of the air–water separator is numerically calculated under the
conditions of different corrugated plate spacing, different turning angle of the outlet and the separator
with or without the third stage hydrophobic hook.

Figures 6 and 7 show the effect of the spacing of the corrugated plates on the pressure loss and
separation efficiency of the separator under different loads. It can be seen that the spacing of the
corrugated plates has a great influence on the pressure loss. When the spacing is reduced to 20 mm,
the total pressure drop increases greatly, this is about 50%. The third terminal hydrophobic hook
plays an important role in the aerodynamic performance. After removing the hydrophobic hook,
the aerodynamic performance of the corrugated plate is greatly improved. In Figure 7, the separation
efficiency is slightly increased with the decrease of the spacing of the corrugated plate, and the
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separation efficiency is the lowest after removing the third stage of hydrophobic hooks, but it is still
within the permissible range.

Processes 2020, 8, x FOR PEER REVIEW 7 of 11 

 

existence of the hydrophobic hook and the position of the structure. Under different loads of the 
main diesel engine, the performance of the air–water separator is numerically calculated under the 
conditions of different corrugated plate spacing, different turning angle of the outlet and the 
separator with or without the third stage hydrophobic hook. 

Figures 6 and 7 show the effect of the spacing of the corrugated plates on the pressure loss and 
separation efficiency of the separator under different loads. It can be seen that the spacing of the 
corrugated plates has a great influence on the pressure loss. When the spacing is reduced to 20 mm, 
the total pressure drop increases greatly, this is about 50%. The third terminal hydrophobic hook 
plays an important role in the aerodynamic performance. After removing the hydrophobic hook, the 
aerodynamic performance of the corrugated plate is greatly improved. In Figure 7, the separation 
efficiency is slightly increased with the decrease of the spacing of the corrugated plate, and the 
separation efficiency is the lowest after removing the third stage of hydrophobic hooks, but it is still 
within the permissible range. 

 
Figure 6. Influence of corrugated plate spacing on the total pressure loss. 

 
Figure 7. Influence of corrugated plate spacing on the separation efficiency. 

Figure 6. Influence of corrugated plate spacing on the total pressure loss.

Processes 2020, 8, x FOR PEER REVIEW 7 of 11 

 

existence of the hydrophobic hook and the position of the structure. Under different loads of the 
main diesel engine, the performance of the air–water separator is numerically calculated under the 
conditions of different corrugated plate spacing, different turning angle of the outlet and the 
separator with or without the third stage hydrophobic hook. 

Figures 6 and 7 show the effect of the spacing of the corrugated plates on the pressure loss and 
separation efficiency of the separator under different loads. It can be seen that the spacing of the 
corrugated plates has a great influence on the pressure loss. When the spacing is reduced to 20 mm, 
the total pressure drop increases greatly, this is about 50%. The third terminal hydrophobic hook 
plays an important role in the aerodynamic performance. After removing the hydrophobic hook, the 
aerodynamic performance of the corrugated plate is greatly improved. In Figure 7, the separation 
efficiency is slightly increased with the decrease of the spacing of the corrugated plate, and the 
separation efficiency is the lowest after removing the third stage of hydrophobic hooks, but it is still 
within the permissible range. 

 
Figure 6. Influence of corrugated plate spacing on the total pressure loss. 

 
Figure 7. Influence of corrugated plate spacing on the separation efficiency. Figure 7. Influence of corrugated plate spacing on the separation efficiency.

Figures 8 and 9 show the effect of the turning angle of the corrugated plate outlet on the pressure
loss and separation efficiency of the air–water separator under different loads. It can be seen that the
influence of the turning angle on the pressure drop of the air–water separator and the total separation
efficiency is not obvious. This is because the improvement of the turning angle is only aimed at the
structure of the third stage. If the turning angle of the whole structure is improved, the performance of
the air–water separator will be changed certainly.
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Table 3 gives the calculated results of pressure loss and separation efficiency of the air–water
separator under eight different structural parameters. One can obviously see that the pressure loss is
greatly affected by the 3rd stage hook which can cause 40 plus Pascal pressure loss comparing to cases
without such hook. From the data of eight groups of pressure loss in the table, it can be seen that the
pressure loss of the air–water separator under the condition of the last two structural parameters is
relatively much small.
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Table 3. Pressure loss and separation efficiency under different structure parameters.

Spacing B/mm The 3rd Turning
Angle α/◦

Whether There is
3rd Stage Hook

Pressure LOSS
∆p/Pa

Separation
Efficiency η/%

30 45 Yes 210.97 98.89
25 45 Yes 213.91 99.30
20 45 Yes 303.56 99.60
30 42 Yes 208.16 98.82
30 39 Yes 207.06 98.82
30 36 Yes 205.72 98.87
30 45 No 164.56 98.80
25 36 No 167.75 99.46

5. Conclusions

In this paper, the internal two-phase flow and separation performance of an air–water separator
for a low speed marine diesel engine are studied comprehensively by means of numerical simulation.
From the two aspects of resistance characteristics and separation efficiency, the influence of different
structure parameters on the performance of the studied air–water separator is calculated and analyzed
under different conditions.

Through the numerical simulation of the three-dimensional integral structure of the air–water
separator and the numerical simulation of the two-phase flow with the droplet as the discrete phase,
it is concluded that the pressure loss mainly exists in the area of corrugated plate in the middle of the
air–water separator. The turning angle and the hydrophobic hook are the main factors leading to the
pressure loss, but at the same time it is also the main factor to improve the separation efficiency. At the
turning point of the first 90 degrees, the baffle is designed to reduce the possibility of the droplet being
carried twice and to improve the separation efficiency.

Different structural parameters of the air–water separator by changing the spacing of the corrugated
plates, the size of the turning angle and whether there is a hydrophobic hook or not are analyzed.
The results show that the spacing of the corrugated plates has a great influence on the pressure loss,
and the separation efficiency increases slightly with the decrease of the spacing of the corrugated
plates. The effect of the angle of the outlet of the corrugated plate on the pressure drop and separation
efficiency of the air–water separator is not obvious. The third-stage terminal hydrophobic hook
has a great influence on the aerodynamic performance. After removing the hydrophobic hook,
the aerodynamic performance of the corrugated plate is greatly improved, but it has little effect on the
separation efficiency. The third-stage hydrophobic hooks can be cancelled to simplify the structure of
the corrugated plate and reducing the total cost.
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Nomenclature

α turning angle of corrugated plates, ◦

B spacing between corrugated plates, m
ε turbulent dissipation
Gk turbulent flow energy produced by laminar velocity gradient
Gb turbulent flow energy generated by buoyancy
H Total Height, m
i,j x, y, z direction
k turbulence kinetic energy
L length of corrugated plate, m
mair air mass flow rate, kg/s
md droplets mass flow rate, kg/s
SMCR specific maximum continuous rating of marine diesel engine
ρ density of inflow air, kg/m3

µ viscosity of inflow air, Pa·s
p pressure of air, MPa
∆p pressure loss, Pa
η separation efficiency, %
σk Prandtl number of K equation
σε Prandtl number of ε equation
u instantaneous velocity, m/s
YM fluctuation coefficient caused by excessive diffusion in incompressibility
W width, m
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