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Abstract 

The majority of the energy expended by watercraft is used to overcome drag. Frictional resistance can account 

for up to 80 % of overall resistance, especially on large vessels, which leads to an increase the fuel consumption 

and environmental impacts. As a result, finding strategies to reduce frictional drag is interesting. There are 

numerous strategies for reducing drag that have already been proposed that are air lubrication techniques, 

boundary layer energizing, and suction is few of the examples. This study proposes a new way of reducing drag 

this method is known as water lubrication. To create adverse flow, water jets are used to split the flow. The 

formation of an auspicious boundary layer ore sluggish boundary layer surrounding the surface it reduces drag 

significantly. Separation is generally undesired since it expands the wake zone and as a result it produces drags. 

In flat plate separation it does not significantly enlarge the wake region. Separations form a slow or adversely 

directed layer on the flat plate if they are created and positioned correctly. This is demonstrated in this study 

through the use of ANSYS Fluent simulation. Also, with water jet velocities of 3 to 15 m/s drag reductions of 17 

% to 134 % have been achieved. 
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1. Introduction 

When an object moves in a fluid the fluid exerts forces against the object in the flow direction, that force is 

called Drag. Drag is extremely important for moving objects because it is a force that moving objects must 

overcome. If a watercraft wants to go speed (V) against drag (D) must have D*V power. The needed power must 

be proportional to the drag or the required energy is equal to force time distance. Most of the transportation cost 

comes from drag. Spending higher amounts of energy (fuel) do not only mean losing money but also causes 

environmental pollution because of carbon emissions from spent fuel. When an object moves through fluids on 

its surfaces, pressure builds up and shear stresses are distributed. Pressure forces are perpendicular to the surface 

and friction forces are tangent to the surface. 
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Total surface integration of these forces gives total acting force (TF). Lift occurs when the flow component of 

the TF is perpendicular to the flow component, and drag occurs when the flow component of the TF is parallel to 

the flow component. The forces generated from the fluid are shown in figure 1. The viscous component of the 

drag is also called skin friction drag because it occurs on the object surfaces. Skin material, roughness, and skin 

microstructure are quite effects of the viscous drag beside the fluid viscosity. The pressure sourced component of 

the drag is called form drag or pressure drag. 

 

 
Figure 1: Forces from surrounding fluid (a) pressure force, (b) viscous force and (c) resultant force [1] 

Equation (1) and (2) is used to determine the total drag and coefficient of drag. Also, it can be useful to know 

local shearing stresses and pressure distribution around moving objects. The resultant forces (Drag) can be 

obtained from the experimental drag coefficient (Cd). 

 

D = Total Drag = Pressure component of drag + Friction component of drag = Dp+Df 

D =∫ 𝑑𝐹𝑥=∫𝑃𝐶𝑜𝑠𝜃𝑑𝐴+∫ 𝜏𝑥𝑆𝑖𝑛𝜃𝑑𝐴        (1) 

Dp =∫ 𝑃𝐶𝑜𝑠𝜃𝑑𝐴 

Df =∫ 𝜏𝑥𝑆𝑖𝑛𝜃𝑑𝐴 

Where 𝜃 is the angle between surface normal and free stream flow direction (x-direction) 

        Cd=
𝐷

1ρ𝑈2𝐴
2

            (2) 

While viscous drag accounts for a larger share of the drag at low Re, pressure drag accounts for a larger portion 

of the drag at high Re, where inertial forces dominate. Drag is proportional to the square of velocity as shown by 

the simple formula above. Watercraft required power to overcome drag and it will be proportional to the cube of 

the velocity. As a result, finding strategies to minimise drag coefficient without compromising velocity is 

critical. The water lubrication technique uses boundary layer separation to reduce drag. When the boundary layer 

separates streamlines no longer flow parallel to the object surface and each other. Local shearing stress is zero at 

the separation zone. There are two basic types of boundary layer separation they are pressure-based and 

geometry-based separations. 

In geometry-based boundary layer separation, when the shape of a moving object changes abruptly or sharp 

turns on the flow can lead to occur immediate separation at the corner (B) which is shown in figure 2 (b). Fluid 

cannot follow the object's surface due to inertial forces. If you desire a streamlined object, you should avoid this 

type of contour. However, sometimes it can be an inevitable boundary layer or be employed for design purposes. 

For example, cavitation techniques for reducing drag. 

 

Flow around the object transfers kinetic energy into potential energy (as pressure) in pressure-based boundary 

layer separation, depending on the shape of the object (or vice versa). The exchange occurs without loss in the 

inviscid flow and does not result in separation. Although there is a boundary layer in an actual flow that causes 

severe viscosity effects and energy loss. As a result, the conversion of kinetic energy to potential energy is never 

100 %. The separation occurs when the flow does not have enough energy to enter the high-pressure area due to 

actual flow losses. In basic analyses, we can assume the upper boundary of the boundary layer as a streamline to 

discover pressure distribution as outside the boundary layer inviscid flow equations is valid and inside the 
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boundary layer, perpendicular pressure gradient is negligible. The pressure distribution on the boundary of the 

boundary layer becomes pressure distribution inside the boundary layer shelves. The pressure distribution along 

the object surface is a highly important factor in boundary layer separation. The pressure-based boundary layer 

separation occurs due to a negative pressure gradient on the surface. Surface pressure rises owing to streamlining 

expansion in this form of boundary layer separation alongside the object. Pressure-based boundary layers form 

on gradually longer surfaces as seen in figure 2 (a). When pressure rises, the fluid decelerates and loses energy 

due to momentum loss in viscous flow. Separation might occur when the flow ultimately comes to a halt.  

 

 
Figure 2: (a) Pressure-based and (b) geometrically-based flow separation [2-4]. 

The fluid accelerates initially due to a positive pressure gradient (figure 2 (a)). This type of flow is advantageous 

to the boundary layer since it does not cause separations and tends to maintain laminar flow conditions. The flow 

speed is constant and fluid acceleration is zero when the pressure gradient is zero. The flow starts to slow down 

along the streamlines beyond that point (
𝜕𝑃

𝜕𝑥
)wall>0, which could be due to momentum loss or geometry. 

Separation phenomena require an unfavourable pressure gradient, however, this is insufficient. At the same time, 

viscous shear stresses demand a long-term retarded fluid so this type of separation does not occur suddenly. The 

wall first declines and then becomes zero due to the adverse pressure effect in the boundary layer (
𝜕𝑢

𝜕𝑦
) and u=0 

due to the no-slip condition on the wall it appears at a point of stagnation and the flow has begun to divide. 

Backflow is a fascinating phenomenon that occurs when one flow opposes another. Figure 3 shows the boundary 

layer velocity distribution before and after the separation of the boundary layer. 

 

 
Figure 3: Flow profile of an airfoil (a) before boundary layer separation (b) during boundary layer separation and 

(c) after boundary layer separation [2]. 

Figure 3 (a) shows that the separation favours a boundary layer pressure gradient along the flow direction 

(
𝜕𝑃

𝜕𝑥
)wall<0 indicates that the flow is accelerating and (

𝜕𝑢

𝜕𝑦
)wall>0 indicates that momentum is being transferred 

along the flow direction and boundary layer. The velocity profile inside the boundary layer is steeper due to the 

pressure acceleration effect (Shown with a red line). This inclination will steadily decrease until it reaches point 

b, where it will become zero and then negative after separation (c). Figure 3(b) indicates that there is no shear 

force on the wall and that the fluid does not move in the x-direction when (
𝜕𝑢

𝜕𝑦
)wall=0. The pressure forces work to 

decelerate the fluid along the surface when (
𝜕𝑃

𝜕𝑥
)wall>0 which is represented in figure 3(c). Because of the strong 

vorticity and unpredictable eddies, the boundary layer dissipates after the separation point or line, and the wake 

zone begins. The turbulent boundary layer and the wake zone are two distinct phenomena. The laminar boundary 
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layer area may be the starting point for wake and separation. The different types of boundary layer separation are 

shown in figure 4. 

 

 
Figure 4: Boundary layer flow separation types [5]. 

Separated flow can be reattached in its natural nature of flow under certain conditions. When there is a 

separation in the laminar boundary layer section due to insufficient adverse pressure, the flow may shift to the 

turbulent boundary layer, where it can reattach due to the higher energy of the turbulent boundary layer flow. 

The size of the laminar recirculating zone is influenced by initial flow disturbances and the form features of the 

object. In the studies, the reattached flow had a detrimental impact on flow drag characteristics. Furthermore, 

there is an unfavorable flow in the recirculating zone, which necessitates a lower or negative frictional drag. The 

formation of reattachment of separated flow is shown in figure 5. 

 

 
 

Figure 5: Reattachment of separated flow [6]. 

2. Water Lubrication Technique 

 

The water lubrication technique uses flow separation for drag reduction. Water jets are used to change boundary 

layers in the water results drag reduction and also the creation of negative drag. Figure 6 depicts the drag (D) and 

shear stress (𝛕) gradients created by airflow around a flat plate. As shown in figure 7, the produced friction drag 

works against the thrusting flow. Shearing stress must be necessary to achieve negative drag as seen in figure 8, 

after separation the shear forces against the flow direction can be detected. 
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Figure 6: Expected friction drag and shear stress and 

their directions on a flat plate 

Figure 7:Direction of the drag and shear stress on a 

flat plate following water lubrication. 

 

Water lubrication uses water jets to produce artificial separation points along the surface. Backflow (reverse 

flow) occurs near a separation point, causing reverse shear stresses, which aid in understanding the water jet 

lubrication process. On the other hand flat plate separation does not increase the wake region. Water jets from 1 

mm holes are predicted to cause separation and reverse flow. This makes sense because surface jets carry 

adjacent fluids as well as resulting in recirculating zones and reverse shear stress. Water lubrication technique is 

environmentally friendly and a cheaper solution to reduce frictional drag, transportation cost and emissions.  

 

 
Figure 8: Reverse shear stress and the reverse flow around a separation point 

3. Literature Review 

 

Drag reduction and boundary layer modification were performed using various drag reduction techniques to 

decrease the drag force [7-9], such as dielectric barrier discharge plasma actuators for energizing boundary flow 

and drag reduction [10-11] , also different types of actuators were used to accelerate boundary layer [12]. 

Another technique to reduce drag is by creating cavitations using water or air [13]. Air lubrication develops and 

uses a layer near the object’s surface that has a far lower average viscosity and density than water. There have 

been numerous theoretical and experimental investigations have been conducted on the boundary layer created 

by a fluid jet in order to reduce drag [14].By installing an air lubricating system beneath the ship's hull, air 

cavities can be exploited to reduce frictional drag. The ship's speed might be enhanced while using air as a 

lubricant, reducing both fuel consumption and environmental impact. Computational fluid dynamics are used to 

analyze fluid flow [15]. To conduct numerical analysis fluent software is used, which provides the ability to 

create and simulate boundary layer with cost-effective and high accuracy. Sometimes numerical analysis may 

give more accurate results than the real experiment. It gives comprehensive information about simulation 

prediction for different flow conditions [16-18].Sometimes in the given conditions (flow velocity) turbulent flow 

delays separation and gives less drag than laminar flow[19-20].These techniques appear to be unattractive to the 

boundary layer at first glance. When adopting this procedure, rough surfaces produce less drag than smooth 

surfaces. Another attractive method for reducing frictional drag is air lubrication, which is frequently used in 

commercial applications and offers favourable and encouraging results [21-24]. The goal of most of drag 

reduction strategies is to prevent flow separation and reverse flow. However, the water lubrication approach used 

a water jet to induce flow separation and reverse flow [25-29], [34].  
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4. Numerical Analysis  

Before implementing in a real-time application, finite element analysis is used to forecast the reaction of a 

working component when it is exposed to external loads, fluid flow, heat transfer, and other physical 

phenomena. The distribution of stress, strain, total deformation, flow velocity, shear stress, and other parameters 

can be determined by using finite element analysis to analyze the component. We can predict the output values 

based on these results without having to implement in a real-time application [30-32]. Fluent software is utilized 

to forecast the percentage of drag reduction when water lubrication is applied. A two-dimensional model of a 

flat-plate (1000 mm) structure was constructed and evaluated with 9 holes (1mm size) drilled into the flat plate 

to inject water in the form of a jet between the distance of 100 mm. Figures 9&10 demonstrate the imaginary 

drag reduction tile and boundary conditions employed in the CFD study. The water jet is injected through the 

holes in the watercraft's wall into the external surface. The watercraft is surrounded by a high-velocity water 

flow with a velocity of 8 m/s2. 

 

 

 
Figure 9:Imaginary drag reduction tile used for 

water lubrication. 

Figure 10:Domain used for CFD study with boundary 

conditions. 

 

5. Mesh independency 

 

 

Figure 11: Drag results for different node sizes (12 kg/s airflows). 

 

The analysis was run with various node counts to determine the optimum node count, and the results were 

analyzed to establish the optimum node count. Figure 11 shows a graph of mesh size and drag achieved with 

node sizes ranging from 19 k to 447 k. The drag value decreases gradually from 207 k to 447 k nodes and 

maintains a steady-state condition between 394 k and 447 k nodes. The drag difference between these nodes is 

roughly 0.3 %. As a result, the analysis was carried out with a node of 447 k which is shown in figure 12.  
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Figure 12: Meshing of the domain for 447k node 

 

The friction drag was calculated using equation (3) as 108.4 N by considering water jet flow (zero), area of the 

flat plate (1 m2), water flow velocity (8 m/s), water density (998.2 kg/m3) and viscosity (0.001003 kg/m-s).  

 

𝐶𝑓=
𝜏𝑤
ρ𝑈2

2

              (3) 

 

From these values, it can be calculated that Re is 7.96 x106 which means that flow is the turbulent and the 

theoretical value of Cf obtained using equation (3) is 3.39 x 10-3. Figure 13 shows the predetermined value of Cf 

it is roughly around 3.2 x 10-3 for smooth plates, also the difference between the outcomes of numerical analysis 

and theoretical analysis is 6 %. 

 
Figure 13:Experimental and theoretical coefficient of friction drag for flat plate [33]. 

 

 
Figure 14: Reverse flows around the water lubrication port. 
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Figure 14 depicts the formation of a reverse flow (negative drag) and recirculating zone on the rear side of the 

water jet that is introduced from the watercraft (flat plate). Only one port is zoomed in and exhibited for better 

understanding. Here, the force exerted by the jet causes the velocity of the flow surrounding it to decrease. Low 

frictional force can be accomplished by lowering the frictional drag value by reducing the flow velocity between 

the wall and the water surface. For 1 mm wide slots, a flow output velocity of 12 m/s is necessary to achieve 

negative drag. Even though reverse flow and drag reduction can be achieved with an output velocity of 3 m/s and 

strong reverse flows can be created with an output velocity of 4 m/s. 

 

 
Figure 15: Water jet distributions and their fractions on the domain. 

Figure 15 depicts a section of the flow field with three output ports, as well as the effectiveness of water jets. 

The size and variations of the recirculation zone are depicted in green regions with relation to the jet velocity on 

the plate, which is gradually raised from the initial water jet location to the last one. 

 

 
Figure 16:Contours of static pressure. 

Figure 16 depicts the pressure distribution before and after the jet, as well as the pressure difference caused. The 

backward flow is caused by the generated water barrier. Used water can be pulled from the front of the boat, 

where the high pressure will aid in reducing pressure drag. In addition, when utilised in conjunction with drag 

reduction strategies, water jets can produce a hollow by acting as a fluid curtain. From the beginning of the water 

jet port to the end, the developed pressure can be gradually reduced. It is depicted as a blue zone in figure 16. 
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Figure 17: Reverse flow around artificial separation point. 

A general view of the flow field during water lubrication is shown in figure 17. Here two water jets are only 

showcased for discussion purposes (on the plate there are 9). Constantly maintained distances between jets are 

100 mm. After injecting water jets into the bottom of the plate the flow is reversed on the plate once the 

recirculation zones begin which means shear stress is produced against the flow, also the frictional forces thrust 

the plate against the flow. The flow between the recirculation zones is not reversed, although it is significantly 

slower. This slow environment on the plate resulted in a slow and thick boundary layer. The velocity of the flow 

is slowed or reversed as a result of water lubrication in the unique boundary layer, which reduces frictional drag 

and increases thrust forces. 

 

 
Figure 18: Drag reductions and drags for water jet velocity. 

The results of a CFD simulation for a variable water jet velocity are shown in figure 18. In this analysis, the free 

stream velocity is set at 8 m/s. It is clear from the table and graph is the water jet velocity was increased to 12 
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m/s, and the percentage of drag reduction climbed to 104% with reducing drag. When the water jet's velocity is 

increased beyond 12 m/s negative drag is produced which indicates the creation of thrust forces. 

 

 
Figure 19: Distribution of wall shear stress 

 

During the flow, shear stress is created owing to friction formed on the wall surface which results in the 

production of drag force, which varies depending on the shear stress produced on the wall surface. Figure 19 

depicts the obtained shear stress distribution of the wall, which clearly illustrates that negative drag force is 

created in the low shear stress zones. Negative shear stress leads to reduces frictional drag and increases thrust 

force, which helps to increase the speed of watercraft and also reduces the fuel consumption required to sail the 

watercraft. 

 

6. Conclusion 

Separation of flow is an undesirable occurrence as a turbulent flow which is commonly employed to reduce drag 

by creating turbulence (Turbulent generators). This study has used separation to reduce frictional drag. Using 

computational fluid dynamics software (CFD), numerical analysis is used to simulate the reduction of drag 

caused by separating the flow by water jets. In this simulation research, an adverse flow impact was established 

across the entire surface, resulting in a reverse flow. Continuous changes in drag and shear stress direction can 

be obtained over the surface during the simulation, which helps reduce frictional drag resistance. As a result of 

the findings, it was discovered that the slow or adverse flow over the plate generated a separate layer which 

helps to decrease frictional drag reduction because of its velocity profile. Water is fed in the shape of a jet to the 

bottom of the watercraft to produce a flow separation and aid in the creation of reverse flow to reduce frictional 

drag. The CFD results demonstrate a 134 % reduction in friction drag, as well as the possibility of achieving 

thrust rather than resistance. Furthermore, for a water velocity of 3 m/s, a 17 % reduction in drag can be 

accomplished. In this study, simulation works only carried out and for better and more accurate results miniature 

model of the watercraft will be designed and built for testing, optimization and feasibility studies.   
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Nomenclatures 

TF  Total acting force,  

Cd  Coefficient of drag  

BL  Boundary layer  

DR  Drag reduction  

D  Drag  

Dp  Pressure drag  

Df  Friction drag  

Dw  Wave drag  

Re  Reynolds number  

Fr  Froude number  

PBS  Pressure based separation  

GBS  Geometry based separation  
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