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Hydrodynamic performance of a marine vessel mainly depends on the
frictional and pressure resistance. Pressure drag reduction could be achieved
by improving the shape of the vessels with implementation of modern hull
forms. Hull forms optimization techniques could also be used for this
purpose. Other techniques are needed to deal with the viscous portion of the
total resistance, which is mainly frictional resistance. In this paper, an
extensive literature review on the different methods applied to reduce the
resistance of marine vessels was made, and the advantages and disadvantages
of the implemented methods were identified. The related papers were
categorized into three main categories and a summary of experimental and
theoretical studies was provided. 
On the basis of results obtained from the reviewed research studies, the
combination of hull form optimization methods with other applicable drag
reduction technologies such as antifouling coating is recommended to
optimize the hydrodynamic forces. 
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1. Introduction 
The quest to achieve higher speeds together with low 
fuel consumption in marine transportation has been 
always one of the main objectives of naval architects. 
Marine industries transport 95% of the world’s cargo 
and up to 85% of the available energy in ships is 
applied to overcome hydrodynamic forces [1,2]. Hull 
resistance is considered as the paramount importance 
to the ships or marine vessels, and it directly affects 
the speed, power requirements and fuel consumption.  
Several techniques are exists to achieve drag 
reduction on marine vehicles. The main objective of 
these techniques is to find efficient ways to reduce the 
total resistance. Hydrodynamic performance of a ship 
could be improved by decreasing the frictional and 
pressure resistance. 
Pressure drag reduction could be achieved by the 
improving the shape of the vessel by application of 
modern hull forms or hull forms optimization 
techniques.  
In general, optimization methods focuses on 
minimizing the resistance by mainly reducing the 
wave resistance. For high-speed ships, wave making 
resistance is one of the main parameters needs to be 
considered in the optimization process [3,4]. 

Furthermore, new hull forms have been successful in 
reducing the level of residuary drag and their 
applications in various fields, notably in military 
applications have been accepted. The importance of 
this matter has encouraged the researchers to design 
and build new types of marine vehicles with different 
physical features.  
Other techniques are needed to deal with the viscous 
portion of the total resistance. Frictional drag is the 
dominant part of the overall resistance, particularly in 
the merchant ships sailing at low speeds. Therefore, 
its reduction through surface characteristics 
improvement methods such as: applying antifouling 
and coatings, air lubrication techniques, and the use of 
riblets is a major challenge for the ship designers. 
Implementation of these methods through the 
boundary layer control reduces the surface drag of the 
underwater vehicles by delaying the onset of turbulent 
flow in the boundary layer. Turbulent flows can occur 
in the boundary layer near solid surfaces and the 
associated friction increases, as the flow velocity 
increases. Turbulence friction can make considerable 
losses in energy [5]. 
This literature survey has been separated into three 
main sections, which focused in turn on the hull forms 
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and its optimization, air lubrication, and fouling and 
coatings. For every category, the related studies and 
reports have been reviewed and discussed in            
the sub sections. 
 
2. Hull Form Optimization       
Hull form optimization from a hydrodynamic 
performance point of view is an important aspect of 
preliminary ship design. Due to the complexity and 
dynamics of ship design, naval architects try to use 
different types of reliable and adaptive approaches to 
improve the design quality. In addition, hydrodynamic 
optimization of ship hull reduces manufacturing costs 
and increases maritime safety, and consequently 
decreases the amount of carbon dioxide emission in 
the environment. Moreover, ship building industries 
are focusing on developing new design concepts and 
technologies towards fuel economic ship designs.  
The classical design process consists of three steps, 
namely geometric modeling, hydrodynamic analysis, 
and optimization technologies. Implementation of 
these processes requires a proper understanding and 
practical design experience.  
For ships hydrodynamic optimization, all objective 
functions such as: resistance, stability, and              
seakeeping must be considered. Considering one of 
the objectives alone will make unrealistic and 
impractical results. For instance, Biliotti et al. (2011) 
and Gammon [6,7] considered two or three objective 
functions in their work, while one objective function 
was considered for hull form optimizing by Han et al. 
(2012) and Matulja and Dejhalla [8,9]. 
Some of these optimization methods modify ship hull 
forms by reducing calm-water drag and wave patterns 
[10,11]. Campana et al. (2006) optimized the David 
Taylor Model Basin 5415 using Non-uniform Rational 
Basis Spline (NURBS) surface modeling and 
Reynolds Average Navier-Stokes (RANS) code to 
minimize the total resistance [12].  
Reduction of the wave resistance can often be 
obtained without any significant decrease in the 
amount of displacement volume. The sensitivity of the 
wave resistance to hull form design modifications and 
the accuracy of potential flow solver were chosen as 
the objective function of optimization procedure by 
Matulja and Dejhalla [13]. The potential flow solver 
and the genetic algorithm were coupled for bulbous 
bow optimization. The results showed 10% reduction 
in wave resistance coefficient at the design speed, 
corresponding to Froude number of 0.289.  The results 
for a wide range of Froude numbers are shown in 
Figure 1. 
 

 
Figure 1. Wave resistance coefficients versus Froude number 

[13] 
 

It was reported that the maximum reduction in CO2 
emission is about 2-3% by optimal hydrodynamic 
design [8]. 

 
2.1. Modern Hull     
In recent years, interests to use high-speed vessels are 
significantly increasing specially in military, 
recreational, racing, and transportation applications.  
There are several ways to increase the Froude number 
of a hull. The main way is to rearrange the 
displacement hulls into segments with shorter lengths, 
using techniques such as: air cushions, Wing In 
Ground (WIG) effect, and hydrofoil or a combination 
of the methods. For the high speed ships, Froude 
number is approximately greater than 0.4 and wave 
resistance plays a major role in determining the total 
resistance. As shown in Figure 2, marine vehicles are 
divided into two main categories based on the lifting 
forces acting on them [14].  
 

 
Figure 2. Marine vehicles classification [14] 

 
2.2. Multihull Ships 
One approach to have a high speed ship or marine 
vessel is to decrease the deck area by applying 
multihulls with very thin water line entrance angles, 
while ensuring sufficient stability. Multihull vessels 
owing to their stability and payload capability are 
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widely employed in military and commercial 
applications at high operational speeds. To optimize 
the performance of multihull ships in terms of 
resistance and seakeeping characteristics, additional 
efforts are required to perform to characterize their 
salient hydrodynamics features [15]. 
 
2.3. Small Waterplane Area Twin Hull (SWATH) 
and SLICE 
The SWATH is a hull design, which minimizes the 
waterline level compared to the single-hulls and 
catamarans; therefore, makes the hydrostatic 
restoration forces decrease, as illustrated in Figure 3. 
SWATH water plane area is expressed as a function 
of the volume displacement and has a direct 
relationship with wave making resistance and sea-
induced ship motions [16]. 
 

 
Figure 3. Waterline area of a monohull, catamaran and 

SWATH [16] 
 
Brizzolara [17] optimized SWATH hull form with an 
automatic method to achieve the lowest drag at the 
high speeds. He obtained four optimized underwater 
hulls at four reference speeds. Examples of 
corresponding demi-hull panel meshes are given in 
Figure 4. An underwater hull form with two higher 
diameters positioned at the bow and stern and a 
slender diameter in between was considered to this 
end.  

 
Figure 4. Optimal underwater hull form of  

SWATH at Froude number of 0.5 [17] 
 

SLICE is a new, patented ship technology that enables 
SWATH ships to operate at higher speeds while 
retaining their characteristic low motions in a seaway. 
SLICE vessel significantly reduces the power 
consumption at higher speeds. Ability of the 
SWATH/SLICE vessels to keep track is very high and 
they have a high transverse oscillation period because 
of the lower draft [18,19].  
Unlike the SWATH, SLICE has four shorter struts 
and four shorter tear drop-shaped submerged hulls. 
This structure allows the SLICE hull to reduce wave-

making resistance at high speeds for up to 35% 
compared to a SWATH with the same displacement. 
In addition, SLICE short hulls are able to push 
through the wave hump much more quickly. 
Moreover, SLICE has the same stable ride as a 
SWATH, but can go faster with the same horsepower, 
as shown in Figure 5. Furthermore, the comparison of 
the vessels with the same displacement shows that the 
length of the SLICE vessels is one quarter of the 
SWATH hulls length. For the same operational speed, 
this innovation doubles the Froude number [20]. 
 

 
Figure 5. The power requirement of SWATH and SLICE at 

different speeds [21] 
 
2.4. Air Cushion Vehicles (ACVs)  
ACVs are vehicles supported vertically by an air-
cushion. In this technology air is supplied from a lift 
fan, which provides air flow round the periphery of 
the hull followed by the ejection into the cushion 
space. Air-cushion may also provide a vehicle with 
capability to move both on land and sea surfaces [20]. 
Another type of vessels, which operates like an ACV 
is commonly known as the surface effect ships (SES). 
It is a catamaran type vessel, which contains an air 
cushion between both side hull structure at the 
forward and the end [22].     
 
2.5. Planing Craft 
At low speeds, every hull performs as a displacement 
hull and as the speed increases, hydrodynamic lift 
increases as well. When the lift becomes the 
predominant upward force on the hull, the vessel 
called to be in the planing mode [23]. 
A planing hull is a marine vessel, whose weight is 
mostly supported by the hydrodynamic pressure at the 
high-speed forward motion. A planing hull speed can 
be very high; however, it requires more power to get 
up on top of the water. In addition, a planing hull at 
low speeds has the worst performance [24]. A typical 
resistance curve of a planing craft in three modes of 
motion is shown in Figure 6. 
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Figure 6. Resistance curve of a planing hull at different modes 

of motion [24] 
 

2.6. Hybrid Lifting Body Ship 
By transferring displacement volume from the parent 
hull to the lifting bodies, the wetted surface area of the 
parent hull is reduces, thus reducing its friction drag. 
The lifting body itself is designed to be a hydro-
dynamically efficient shape, with a high lift to drag 
ratio. The MIDFOIL and HYSWAC are two types of 
marine vehicles benefit lifting bodies attached under 
the middle of the vehicle, as shown in Figure 7. 
Research results reported 15-30% reduction in drag 
over a wide speed range compared to a conventional 
mono-hull [25].  
 

(a)                                       (b) 

 
Figure 7. Hybrid lifting body ships; 
 (a): MIDFOIL, (b): HYSWAC [26] 

 
2.7. Wing-In-Ground (WIG) Craft 
It has been recognized that flight close to the 
boundaries (water surface or rigid wall) is more 
aerodynamically efficient than flight in the free stream 
flow due to WIG effect. By decreasing the flight 
altitude, this effect shows the enhancement of lift-to-
drag ratio [27].  
WIG vehicles fly close to the water surface by 
utilizing a cushion of relatively high-pressure air 
between the wings and the water surface [28]. The 
aircushion augments lift and reduces drag 
considerably compared to an out-of-ground effect 
vehicle [29-31]. 
Despite the low operational expenses of WIG vehicles 
and their fast movement compared to the aircraft and 
high speed ships, WIG vehicles are challenged by 
technical difficulties such as hump drag. Hump drag 

impedes the high speed needed to take off. In 
addition, it causes instability problems, which is not 
generally observed in a typical airplane [32,33]. 
Figure 8 shows the hump drag profile of various 
marine vehicles. 
 

 
Figure 8. Hump drag at various speeds [33] 

 

3. Air Lubrication 
Air lubrication technique is the injection of air around 
the hull surface, which either creates a bubbly flow or 
a blanket of gas. In the last decade, there has been a 
renewed interest in the application of air lubrication in 
marine vessels and a significant amount of researches 
have been conducted.  
The economic and environmental effects of 
successfully implemented air lubrication could be 
significant, as the ship’s fuel consumption may be 
reduced by 5 to 20% [34]. This technique was 
categorized into three sections namely, Micro-bubble 
Drag Reduction (MDR), Air Layer Drag Reduction 
(ALDR), and Partial Cavity Drag Reduction (PCDR).  
 
3.1. Micro Bubble Drag Reduction (MDR)        
The first experimental work on MDR method 
presented by McCormick and Bhattacharya (1973) 
[35]. Small bubbles were created around a fully 
submergible hull by using a copper wire wrapped 
around it. Merkle and Deutsch (1989) showed that 
micro-bubbles injection became ineffective for low 
speed conditions due to buoyancy [36]. In addition, it 
was reported that with increasing the Reynolds 
number in a micro-bubble-laden turbulent boundary 
layer, the amount of drag reduction decreases [37]. 
Therefore, the most influence of bubble injection on 
drag reduction occurs within a particular speed range. 
It was reported that by the application of MDR 
method, up to 80% reduction in the drag could be 
achieved [38].  
Effect of micro-bubbles on turbulent boundary layer 
and factors affecting the bubbles are two important 
subjects in bubble injection technique, which will be 
discussed in the following subsections. 
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3.1.1. Turbulence Modification with Micro-bubbles 
Fluid flow behavior near the solid boundaries is a 
complicated issue. Absence of analytical solutions, 
deficiency of empirical researches, and lack of 
understanding about the mechanism of drag reduction 
by micro-bubbles has led the lack of an accurate 
model for this phenomenon. Some researchers believe 
that the drag reduction by micro-bubbles is the result 
of thickening the boundary layer due to an increase in 
the viscosity and a reduction in the density of the 
buffer layer. Legner (1984) believed that the drag 
reduction was obtained by the combination of density 
reduction and turbulence modification [39]. In another 
report, Kanai and Miyata (2001) explained that the 
bubbles prevented span-wise eddies formation near 
the wall, and this led to suppression of turbulence 
bursting phenomenon and reduction of turbulent 
energy [40]. 
The most efficient domain for accumulation of the 
micro-bubbles in the boundary layer is buffer region, 
and its due to the fact that by increasing the density of 
micro-bubbles, turbulence intensity of buffer layer 
decreases [41,42]. Villafuerte and Hassan (2006) 
showed that the desirable concentration of micro-
bubbles between a y+ range of 15–30 plays a 
dominant role in effecting the turbulent structure 
change along the boundary layer [43]. However, it 
was also shown that the presence of the micro-bubbles 
can be felt for y+ ≥10, as illustrated in Figure 9 [44]. 
According to the Figure 9, although the inner layer 
approximately does not change, viscous zone has a 
gradual thickening trend with an upward shift of the 
logarithmic region during the micro-bubbles injection. 
In Figure 9, free stream velocity is 14.2 m/s and air 
flow rates varying from Q1=0.001 m3/s to Q5=0.003 
m3/s. 
 

 
Figure 9. Change in the boundary layer at different gas flow 

rates [44] 
 

3.1.2. Factors Affecting Bubbles 
Numerous laboratory experiments have been reported 
the effectiveness of using micro-bubbles technique in 

ships’ hull drag reduction. However, there are many 
ambiguities about the suitability of this technique such 
as: volume fraction, injection rate, bubble size, best 
injection method, buoyant force, performance in salt 
water, and distance from the injection point. 
Lu et al. (2005) believes that bubbles’ deformability 
plays an important role in the bubbles drag reduction 
[45]. It was also shown that the increase in the main 
flow velocity causes a larger reduction rate for the 
skin friction. Furthermore, it was also proved that, 
bubbles with the diameter larger than the scale of 
boundary layer will make the drag to increase 
(bubbles with the diameter range of 2-3 mm) [46]. 
In another study, photographic records showed that 
mean bubble diameter decreases monotonically with 
the salinity increase [47]. 
Density ratio is another parameter, which was studied 
numerically and it was indicated that at a low gas 
injection flow rate and density variation between 0.2 
and 0.001 has not considerable effect on the drag 
reduction. However, it was shown that for high gas 
injection flow rates with decreasing density ratio drag 
reduction rate gradually increases, as illustrated in 
Figure 10 [38].  
Downstream distance of the injection point, the drag 
reduction is decreased as a result of bubbles migration 
from the near-wall region. Air lubrication experiments 
on a 40m long plate revealed that the effect of micro-
bubbles disappears after half-length of the plate [48]. 
 

 
Figure 10. Density ratio effect on the drag reduction [38] 

 
Elbing et al. (2008) applied two different types of 
injectors and the results of Bubble Drag Reduction 
(BDR) experiments indicated that a porous-plate 
injector versus a slot injector is more efficient at 
higher flow speeds, as shown in Figure 11 [49]. In 
Figure 11, a comparison of the slot (solid symbols) 
and porous-plate (open symbols) injectors at the four 
gas injection rates is presented. It was also shown that 
drag reduction is lost 2 meters downstream of the 
injection site and BDR has negligible sensitivity to the 
surface tension. Moreover, it was shown that BDR is 
insensitive to the boundary-layer thickness at the 
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injection location and synergetic effect was not 
observed with the compound injection. 
 

 
Figure 11. Effect of distance from the injector at a free-stream 

speed of 20 m/s on Drag Reduction (DR) [49] 
 

3.2. Air Layer Drag Reduction (ALDR)   
ALDR method is performed by forming a continuous 
air layer between the hull and liquid, as illustrated in 
Figure 12 [34].   
 

 
Figure 12. Two types of air lubrication techniques [34] 

 
As Figure 13 indicates, drag reduction with the air 
injection method can be divided into three distinct 
regions. First region is BDR zone, where drag 
reduction grows linearly with gas injection rate. 
Another region is ALDR, where a maximum level of 
drag reduction is achieved. A transition area is also 
located between these two regions, where drag 
reduction increases linearly with a higher trend than 
the BDR zone [49]. 
Elbing et al. (2008) also found that the critical 
volumetric air flux to achieve ALDR is approximately 
proportional to the square of the free-stream speed 
[49]. For a surface fully roughened, nearly 50% higher 
volumetric air flux is required to form a stable air 
layers at free-stream speeds up to 12.5m/s. It was also 
observed that ALDR is sensitive to the inflow 
conditions. 
 

 
Figure 13. Percentage of Drag Reduction (DR) versus 

volumetric gas injection rate per unit span (q) [49] 
  

3.3. Partial Cavity Drag Reduction (PCDR) 
PCDR method creates a continuous lubricating gas 
layer like ALDR method. Where the cavity length 
could not be extended to the whole craft length at low 
speed conditions, Butuzov et al. (1999) utilized a 
series of steps to extend the cavity at the whole 
bottom of the ship. Figure 14 shows two type of air-
cavity systems [50]. 
The primary usage of artificial air cavity was adapted 
in flying boats [51]. Matveev et al. (2009) studies 
showed that stability of large area cavities must be 
maintained at low flow rates for the air injection [52]. 
 

 
Figure 14. Air-cavity systems and bottom recess applied on 

displacement vessels [53] 
 

Drag reduction of planing hulls due to the artificial air 
cavity utilization is 20–35%, while it is 15–30% for 
semi-planing hull forms. The air supply pressure in 
the cavity is retained by low pressure air fans, and 
power consumption due to air flow fans is reported to 
be within 3% of the main engine power [50,54].  
Air cavity ships have several other applications such 
as: lowering underwater hull noise radiation and 
shocks and reduce wave drag, especially on multi-hull 
vessels [55-56].  
PCDR method requires more modifications at the 
bottom of the hull. In addition, the initial investment 
cost of PCDR is more than ALDR, while its operating 
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cost is less and potentially offers larger frictional drag 
reduction with a lesser gas flux (see Figure 15) [34].   
 

 
Figure 15. Net energy savings for a ship by using air 

lubrication technique [34] 
 

4. Fouling and Coating  
One of the best methods to reduce frictional resistance 
is to apply a treatment on the ship hull to minimize its 
physical and biological roughness. Any increase in the 
underwater hull roughness will make a significant rise 
in vessel operating costs.  
Hull roughness is considered as the skin friction and 
depends on the type of coating, amount of rust, 
fractures in the coating, and fouling. Physical 
roughness can be minimized by applying some 
preventative measures; however, it is very difficult to 
control the biological roughness (fouling) [57]. 
Figures 16 and 17 show the physical and biological 
roughness, respectively. 
 

 

 Figure 16. Physical roughness [57] 
 

 
Figure 17. Biological roughness [57] 

 
4.1. Roughness Allowance 
Hull roughness resistance normally increases during 
the ship life time owing to marine fouling. The naval 
architecture community includes the effects of surface 
roughness in an allowance coefficient, which is added 
to the smooth surface friction and residual resistance 
coefficients when determining the overall drag of a 
full scale ship [58]. 
Bowden-Davison (1974) recommended a formula as a 
function of the mean hull roughness and was intended 
to be used as an allowance coefficient by International 
Towing Tank Committee to predict the ship 
resistance. However, the recommended relationship is 
not an accurate hull roughness penalty predictor, since 
it includes additional residual components of 
resistance prediction, including model scale effects 
[59]. 
Friction coefficient due to roughness is not 
independent of Reynolds number, since ships do not 
necessarily operate in the ‘fully rough’ region, and 
Townsin et al. (1984) provided a formula for 
predicting the roughness penalty based on the mean 
hull roughness and the Reynolds number [60].  
 
4.2. Roughness and Fouling 
When the boundary layer is thin, the roughness effect 
is significant. It also has a considerable effect, where 
the local flow speed is high. Therefore, roughness 
effects near the stern are less than the bow and at the 
bilge are more than the waterline. Roughness only 
increases the drag if it is large enough to project 
through the sublayer. As Reynolds number increases, 
the sublayer gets thinner and eventually drag 
coefficient becomes approximately constant (see 
Figure 18) [58]. 
In recent decades, numerous researches have been 
conducted to study the roughness effects on Ships’ 
performance such as experiments on flat plates or ship 
hulls. For instance, Yokoi [62] examined the shaft 
horse power and fuel consumption of a training ship 
over eight years to estimate the effect of bottom 
fouling. The results showed that the shaft horse power 
increases about 20% in full speed condition. Doi and 
Kikuchi [63], explored the frictional resistance 
coefficient of five coarsen plates from an actual ship 
hull under a circulating water channel. The results 
showed the speed decrease of 0.1-1 m/s and          
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0.15-1.54 m/s for the blunt ships and high speed ships, 
respectively due to roughness. 
 

 
Figure 18. Resistance diagram for rough plate with sand 

roughness [58] 
 

While the roughness parameter is still only based on 
roughness height measurements and other 
characteristics of the roughness does not account, 
International Towing Tank Conference (ITTC) report 
indicated that the methods used to rectify the hull 
roughness and fouling have uncertain accuracy [64]. 
In another study, Schultz [65] compared the resistance 
of a ship model with boundary layer similarity law 
analysis in some roughness conditions. The study 
proved that in heavy calcareous fouling the total 
resistance increases up to 80%.  
 
4.3. Marine Fouling        
Marine bio-fouling can be defined as the undesirable 
accumulation of organisms and biogenic structures on 
the ship hulls and other submerged surfaces [66]. Bio-
foulings, can be divided into two different categories 
in term of coarseness namely, micro-fouling     
(bacteria and diatomic biofilms) and macro-fouling 
(macro algae, barnacles, bryozoans, mussels, and tube 
worms). These living organisms immediately attach to 
the immersed surfaces and grow until several months 
after immersion [67].  
Slime or algae is an example of micro-fouling 
organisms and raise the resistance for about 1-2%. 
Hard-shelled fouling species such as barnacles, tube 
worms, and mussels may increase ship resistance up 
to 40%. Figure 19 shows the different fouling types on 
the ship’s hulls [68]. 

(a)                (b)                            (c) 

 
Figure 19. Three types of marine fouling; 

(a): Slime, (b): Weed, (c): Hard [68] 
 

Ability of marine fouling to settle and grow depends 
on the factors such as: salinity, pressure, and nutrient 
levels. In addition, the physical properties of the 
surface such as: roughness, color, and surface 
wettability can affect both biofilm composition and 
larval settlement [69].  
Schultz and Swain [70] compared turbulent boundary 
layers over the natural marine biofilms and a smooth 
plate. The study showed an average increase of     
33%-187% for the skin friction coefficient by 
measuring the velocity components profiles. It was 
also found that the skin friction coefficient depends on 
biofilm thickness and surface shape.  
For the global shipping industry, bio-fouling costs 
billions of dollars per a year to prevent and 
maintenance.  
 
4.4. Antifouling Coating 
Another method to prevent the increase of skin 
friction is smoothing the surface through the use of 
antifouling coatings; however, these coatings offer no 
improvement over a clean smooth hull surfaces. One 
of the well-known surface coating is antifouling 
paints, which applied to the hulls of boats and static 
submerge structures. Antifouling paints prevent the 
growth of fouling organisms by releasing biocides. 
Ships hull roughness due to the fouling and coating 
defects increase the turbulent and wall shear stress in 
the boundary layer; therefore, directly increases power 
requirements [71].  
For a mid-size merchant and naval vessel at cruising 
speed, about 21% of propulsive power is consumed to 
overcome the increases in resistance and powering 
due to slime films and up to 86% is consumed due to 
heavy calcareous fouling [65]. 
With the phasing out and ultimate ban on triorganotin 
(tributyltin), new alternatives have been developed to 
apply as the antifouling coating. Tin-free self-
polishing coatings, silicone-based foul release 
coatings, hydrophilic marine antifouling coatings and 
hydrophobic foul-release coatings are some nontoxic 
alternatives recommended for this purpose[72-75]. 
Schultz [76] measured frictional resistance and 
velocity distribution on the surfaces coated with 
silicone, ablative copper, tributyltin self-polishing 
copolymer (TBT SPC) and  SPC copper in the fouled, 
unfouled, and cleaned conditions. After 287 days of 
marine exposure, experimental results indicated that 
the largest increases in the frictional resistance 
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coefficient belongs to a surface coated with silicone. 
In another research study, Willsher [68] compared the 
effect of biocide free foul release coating with 
biocidal antifouling and concluded that both hull 
roughness and environmental impact of foul release 
against its initial costs is lower than biocidal 
antifouling.  
Foul release systems work quite differently and they 
inherently rely on an ultra-smooth surface by 
providing a low-friction surface to minimize the 
adhesion of fouling organisms. Because of weak 
bonding between the fouling and the foul release 
coating surface, fouling can be easily removed either 
by an underwater cleaning or by a hydrodynamic 
force. 
Figure 20 shows the total resistance coefficient for 
two different antifouling coating over at the speed 
range of 2 - 8 m/s. Based on the result, the surface 
coated with a foul release system shows lower drag 
[77]. In addition, it was found that foul release 
coatings reduce frictional resistance 2–5% more than 
self-polishing coating [75]. 
 

 
Figure 20. Total resistance coefficients against Reynolds 

number for the three tested surfaces [77] 
 
4.4.1. Surface Energy  
The molecules on the surface have more energy 
compared with the molecules in the bulk of the 
material. Therefore surface energy is excess energy at 
the surface of a material compared to the molecules in 
the thermodynamically-homogeneous interior. The 
surface energy shows the ability of a surface to 
interact with other materials [78,79]. Baier [80] 
studies showed that there is a direct relationship 
between the surface energy and the adhesion of 
fouling. It is found from Figure 21 that by reducing 
the surface energy in a certain range, the adhesion 
strength of biological fouling are minimized. 
In addition to the surface energy, elastic modulus, 
thickness, and smoothness are very important factors 
for an effective foul release coating. Surface 
roughness increases the surface area available for 

attachment of fouling and also protects fouling from 
shear and abrasion (hydro-dynamical removal) with 
situating in the valleys of rough surfaces [77]. 
 

 
Figure 21. Critical surface tension for minimizing fouling 

adhesion [81] 
 
4.5. Super-hydrophobic Surfaces and Riblets 
The leaves of the lotus plant in Figure 22 are known 
to be super-hydrophobic and self-cleaning because of 
their unique surface structure [82]. Hydrophobic 
structures are capable of staying dry under water for 
several days by trapping a layer of air [83]. When the 
percentage of air pores in a super-hydrophobic surface 
is sufficiently high, slip effect can cause the skin-
friction reduction [84].  
 

 
Figure 22. Lotus leaf’s super-hydrophobicity and its multi-

scale topographic surface [85] 
 
The air layer on a super-hydrophobic surface 
underwater is unsteady, which might even disappear, 
depending on the amount of hydraulic pressure 
applied on the surface. Keeping the hydraulic pressure 
below the critical pressure may be necessary to realize 
the low drag or friction reduction applications of the 
super-hydrophobic surface underwater [86]. 
The main reasons of the surface hydrophobicity 
characteristics failure in the turbulent flow regime are 
lack of robust air on the hydrophobic surface and 
failure of the nano or micro textures. One way to 
satisfy these requirements is the application of super-
hydrophobic hyper-branched polymer coatings with 
hierarchic nano/micro textures.  If super-hydrophobic 
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technology for drag reduction is successful, the 
technology would greatly reduce the cost of the fuel 
for marine vessels and will increase the speed of them 
[87].  
In a turbulent-flow regime, drag reduction can occur 
when the flow direction is parallel to the micro ridges 
structure, while spanwise ridges could make the drag 
to increase [88]. Hydrophobicity reduces the ability of 
any fouling organism larger than a bacterium to 
adhere to the vessel; therefore, shear stress at the 
surface can easily dislodge any bonded fouling [89]. 
The super non-stick properties of the super-
hydrophobic surfaces will provide an even better 
ability to prevent the accumulation of marine 
organisms on ships' hulls compared to the silicone-
based coatings [87]. These features are considered to 
make artificial nano engineered super-hydrophobic 
surfaces applied to reduce marine fouling resistance 
[90]. Samples of artificial nano engineered surfaces 
are shown in Figure 23. By super imposing a nano-
structure into a micro fabricated structure, the slip 
length can be maximized, and thus the rate of drag 
decline will be increased [91].  
Micro-fabrication method could be utilized to produce 
super-hydrophobic surfaces with different properties. 
However, production cost is probably the most 
prohibitive issue for commercializing micro-
fabricated surfaces. In addition, it cannot be applied to 
large-scale bodies with arbitrary shapes too.  
 

(a)                                              (b) 

 
Figure 23. Nano engineered super-hydrophobic surfaces; 

(a): Nanostructures on the sidewall, (b): Re-entrant structure 
[91]  

 
It was shown that wall surfaces with micro-grooves, 
so-called riblets, in turbulent boundary layers lead to a 
net drag reduction for about 10%. Riblets are     
streamwise microgrooves, which act as a fence against 
the break up spanwise vortices, and consequently 
reduces the surface shear stress and momentum losses 
[92,93]. The development of riblets to reduce 
turbulent skin friction came in part from the study of 
shark scales.  Riblets are believed to lift and pin the 
naturally occurring fluid vortices in the viscous 
sublayer. Lower drag increases fluid flow at the skin, 
reduces microorganism settlement time, promotes 
washing, and allows for faster swimming [94-98] (see 
Figure 24).  

 
Figure 24. Mako shark skin microstructure riblets [99] 

 
5. Conclusions 
In the present paper, a literature review was carried 
out on the methods implemented for reducing ship 
hull resistance to improve the hydrodynamic 
performance. The methods were categorized into three 
main sections, which focused in turn on the hull forms 
and its optimization, air lubrication, and fouling and 
coatings. For every category, the conducted 
experimental and theoretical studies were reviewed 
and the key benefits of the various technologies 
highlighted.  
The literature survey revealed that to improve the 
hydrodynamic performance of the marine vessels, 
frictional and pressure resistance need to be 
decreased. It was found that the practical optimization 
of ship hull form due to the complexity and its time-
consuming process is done mostly by large ship 
building industry. It was also shown that ship hull 
form optimization reduces only a small percentage of 
the total ship resistance. Moreover, it was shown that 
the design and optimization of new hull forms lead to 
a significant reduction in drag. For this reason, the 
application of this type of vessels has been expanded 
in various fields nowadays.  
Literature review showed that the air lubrication 
method has desired effect on ship hull drag reduction 
by reducing the bubbles diameter and density ratio, or 
increasing the boundary layer thickness, gas flow rate 
and main flow velocity, and since many aspects of the 
behavior of air in water are poorly understood, air 
lubrication techniques can effectively increase the 
resistance of a ship hull. In addition, it was found that 
many other factors are effective in the air lubrication 
drag reduction method and it requires further research 
in the field. Moreover, the review indicated that the 
best way to prevent an increase in frictional drag 
caused by fouling is to use antifouling coatings and 
foul release coatings. Among these, foul release 
systems work quite differently and they inherently 
rely on an ultra-smooth surface by providing a low-
friction surface to minimize the adhesion of fouling 
organisms.  
Based on this literature survey, the most direct way of 
minimizing the drag forces can be achieved by 
effective hull form optimization methods combined 
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with advanced hull drag reduction techniques. New 
methods for drag reduction are still being investigated 
and considerable studies are required for their 
application in marine transportation. 
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