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Abstract: Several Hybrid RANS/LES methods which combine advantages of RANS and LES(or DNS) has been proposed. These 

methods can be very practical for real engineering problems since the required number of grids can be much less than that of LES(or 

DNS) and unsteady  features of flow can predict more realistic than RANS simulation. In this paper, PANS which is one of Hybrid 

RANS/LES methods is investigated. To know the capability of PANS, two benchmark problems with different flow characteristics 

were applied with RANS simulation. First benchmark problem is the flow past a wall mounted square cylinder. It is well known that 

this flow is naturally unstable due to Karman vortex shedding and has complex flow structures in the wake region. Second benchmark 

problem is the flow around ship which is chosen as the KCS. The ship is a representative streamlined body, and three dimensional 

weak flow separation is induced. In this paper, based on these flows, the simulation results from RANS and PANS were compared. 

And the k-ω turbulence model is applied for RANS and PANS simulations with open source code. 
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1. Introduction 

As computational fluid dynamics (CFD) has been widely ap-

plied from the 1980s, in various CFD methodologies, the Reyn-

olds-Averaged Navier-Stokes (RANS) method with turbulence 

model has been mainly used to actual engineering problems. This 

method requires relatively low calculation cost and time compar-

ing to the other methodologies. However, the results from RANS 

simulation are depending on the turbulence model which is the 

mathematical modeling of unsteady behavior of eddy in turbulent 

flow. In addition, the accuracy of prediction for the flow with 

separation is a well-known shortcoming. In the other hands, other 

method such as Direct Numerical Simulation (DNS) has begun 

to be used to describe the turbulent flow from the 1990s. Because 

DNS shows very accurate computational results by directly re-

solving the smallest scale of turbulence, it is very useful to un-

derstand the complex physical phenomenon of turbulence. But it 

requires too much computational cost and time, so it is practically 

impossible to apply for engineering problems. And Large Eddy 

Simulation (LES) has been also applied to simulate a turbulent 

flow. In LES, the small scale eddy is modeled based on the gen-

erality of turbulence, whereas large scale eddy is directly 

resolved. Since LES directly resolves eddies of important size in 

the turbulent flow field, more accurate results can be obtained 

compared to RANS. However, in order to accurately simulate a 

high Reynolds number of turbulent flow fields, an isotropic grid 

and dense grid resolution are required at near wall. So LES also 

still requires a lot of computational cost and time. 

As an alternative, the Hybrid RANS/LES method has been de-

veloped to improve the practicality and accuracy by combining 

the advantages of RANS and LES (or DNS). This method was 

proposed to compensate for the shortcomings of LES (or DNS), 

which requires a dense grid system inside the boundary layer near 

the wall, and the shortcomings of the RANS method, which does 

not accurately predict turbulence behavior in flow separation re-

gion. In the 2000s, various hybrid RANS/LES methods, for ex-

ample, Detached Eddy Simulation (DES) [1], PANS [2], and Par-

tially Integrated Transport Model (PITM) [3] have been proposed 

by many researchers. In particular, these methods have been 

widely applied to many engineering flows and validated to sim-

ulate the characteristics of the actual flow field at a relatively low 

cost.  

In this study, the PANS method was applied to simulate 
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turbulent flows with bluff body and streamlined body. The ob-

tained results were compared to those from traditional RANS 

method. These two methods were applied to two different target 

flows. At first, the flow around a square cantilever 

(height/width>4) is chosen as an example of massive separation 

flow. It is well known that this flow has unsteady characteristics 

due to periodic vortex shedding and it is very similar to the flow 

past a two-dimensional square cylinder [4]-[6]. In contrast, the 

flow with weak flow separation is chosen. As well known, the 

ship is a representative streamlined body and the hull form con-

sists of curved surface. Therefore, the massive separation is not 

provided but the weak flow separation such as bilge vortex is ob-

served in general. In this study, the KCS (KRISO Container Ship) 

hull form was selected for numerical simulation with PANS 

model [7].   

2. Numerical set-up

In this chapter, the governing equations of RANS and PANS are 

presented and compared.  

2.1 Governing Equations of RANS 

In RANS method, instantaneous velocity field is decomposed 

into time averaged component, 𝑈௜ and fluctuation component 𝑢௜ 

like Equation (1). 

𝑉௜ ൌ 𝑈௜ ൅ 𝑢௜    (1) 

It is well known that the governing Equation (2) and (3) for the 

RANS in incompressible flow are as follows; 

Continuity equation:  
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To model the unknown Reynolds stress 𝜏௜௝, various turbulence 

models were suggested. In this work, we selected the k-ω turbu-

lence model since it provides better performance than those of 

RANS simulation [8][9]. This means that unsteady simulation is 

more appropriate than steady simulation in the fluctuating flow 

associated with massive separation.  

Model equations are shown in Equation (4) and (5). 
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The model constants and the eddy viscosity are given by 
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Typical boundary conditions at the wall are specified as 

 k ൌ 0, ω ൌ
଺଴జ

ఉሺ௬భሻమ

where 𝑦ଵis the physical distance of the first grid point away 

from the wall.  

2.2 Governing Equations of PANS 

In PANS method, the instantaneous velocity field is decom-

posed into resolved velocity field, 𝑈௜  and unresolved velocity 

field, 𝑢௜ like Equation (6). The expression of equation is same 

to Equation (1) but the physical and mathematical meaning is 

different. 

𝑉௜ ൌ 𝑈௜ ൅ 𝑢௜     (6) 

The PANS in incompressible flow are as follows; 

Continuity equation:  
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To make the closed system on these equations, additional 

equations are also necessary and presented in Equation (9) and 

(10).   
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Where , 𝛽̅ ൌ ൫𝛼𝛽∗ ൅ 𝑓௞ሺ𝛽 െ 𝛼𝛽∗ሻ൯  , the model constants and 

the eddy viscosity are given by 
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As shown in Equation (9) and (10), basic formulations are almost 
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similar except for the model coefficient, β* comparing to Equa-

tion (4) and (5). As shown, Equation (11), this coefficient is de-

fined by control parameter, 𝑓௞ which means the ratio of unre-

solved to total turbulent quantity. 

𝑓௞ ൌ
௞ೠ

௞
 (11) 

Where k is turbulent kinetic energy and subscript u means un-

resolved quantities which can be expressed in modeled equations 

of ku. Since PANS [2] has been suggested, many researchers have 

been investigated how to decide the control parameter[10][11]. 

In this study, the control parameter, fk is defined as a constant, 0.5 

for a fundamental comparison of two methodologies.  

3. Computational Detail

3.1 Target Flow 1 

As written previously, the flow past a wall mounted square 

cylinder is defined as the target flow 1 and this flow have been 

studied by experiments [4][5]. It is well known that this flow 

show massive flow separation at corner of a square cylinder. The 

computational domain is shown in Figure 1, and designed based 

on the experimental study. The Reynolds number (ReD) based on 

the width of the square cylinder (D) and the free stream velocity 

(URef) is 11,540. The boundary condition is given in Figure 2. 

Periodic boundary condition was designated on two sides in 

spanwise direction. The Neumann condition was adopted for the 

outflow boundary. At all the surface boundaries including a wall 

mounted square cylinder and bottom surface, no slip condition 

was imposed, respectively. In inflow boundary, the velocity was 

defined as a Dirichlet condition. At top, the slip condition was 

given with same velocity with inflow boundary. The grid system 

was presented in Figure 3, carried out in previous study[6]. Total 

number of grid is about 400,000. The minimum ∆z+ at the center 

of the top surface of the building is 1.71.   

3.2 Target flow 2 

The second target flow was defined as the flow around ship. 

Especially, the KCS is a famous benchmark hull-form for a nu-

merical study, experimental data were also released [12]. The 

main particulars and geometry are given in Figure 4 and Table 

1, respectively. The simulation was carried out in model scale. 

Figure 1: Computational domain for the target flow 1

Figure 2: Boundary condition for the target flow 1 

Figure 3: Grid system for the target flow 1 

Figure 4: KCS hull geometry 

Table 1: Specifications for KCS 

Description Name & Unit Value 

Length Between Perpendiculars LBP [m] 7.2785 
Max. Beam of Waterline BWL [m] 1.0190 

Depth D [m] 0.6013 
Draft d [m] 0.3418 

Wetted Surface area w/o rudder Sw/o Rudder [m2] 9.438 
Wetted Surface area of rudder S Rudder [m2] 0.115 

Block coefficient CB 0.6505 
Model Ship speed VM [m/s] 2.19699 
Froude Number Fn 0.260 

Reynolds Number Rn 1.4 × 107 
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The computational domain and boundary conditions are 

shown together in Figure 5. Since the hull is a symmetrical ge-

ometry, the half-body is only considered for saving the computa-

tional time and cost. As presented in Figure 6, the unstructured 

grid system was constructed and the total number of cells is about 

1,200,000. The validated grid system in previous study [7] was 

adopted.  

Figure 5: Boundary condition for the target flow 2

Figure 6: Grid system for the target flow 2 

3.3 Code for Numerical Simulation  

For numerical simulation, we employed an open source code, 

called by Open Field Operation and Manipulation (Open-

FOAM) which is a one of the well-known incompressible Na-

vier-Stokes solvers. Since this code has been enough verified in 

many engineering problems, it is thought that there is no doubt 

about the reliability of the code. The PIMPLE algorithm was im-

plemented for coupling of pressure and velocity, and Crank-Ni-

cholson scheme was used for the temporal discretization. The 

Gauss linear scheme with second order accuracy was applied for 

spatial discretization.  

4. Results

4.1 Target Flow 1 

As already mentioned, a periodic vortex shedding on this flow 

is the representative characteristics. Therefore, the transient sim-

ulation is unavoidable to get the time averaged flow field which 

was obtained over 150 non-dimensional time. This time period 

means about 15~16 vortex shedding cycles in this target flow.  

x/d=1 x/d=2 

x/d=4 x/d=6 

Figure 7: U velocity profile comparison at four locations

The streamwise velocity (U) profiles at 4 streamwise positions 

(x/d=1, 2, 4, and 6; y/d=0) are compared in Figure 7. In this wake 

region, the velocity profiles from RANS model and PANS are 

similar each other, but those from PANS shows better agreement 
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with experimental data for the region on  z/d<3. The vertical ve-

locity (W) profiles at the center plane (y/d=0) are given in Figure 

8. We again see that the velocity profiles from RANS and PANS

are similar. But PANS shows better performance in the region on  

z/d<3. This target flow is naturally unstable due to a large scale 

flow separation. The flow unsteadiness is dominantly induced by 

the Karman vortex shedding as explained by previous studies. It 

is also known that the oscillating flow pattern at the half height 

plane of a long wall mounted square cylinder is very similar to 

that of the flow around a two-dimensional square cylinder [4]-

[6]. 

x/d=1 x/d=2 

x/d=4 x/d=6 

Figure 8: W velocity profile comparison at four locations

To examine the predictability of the flow unsteadiness in two 

different methods, Figure 9 shows the vorticity with respect to Y 

direction distribution extracted at different 4 positions (z/d=1, 

z/d=2, z/d=3,and z/d=4). The unsteadiness of flow is clearly 

shown in both simulations and the massive flow separation is ob-

served in  3 positions (z/d=1, z/d=2, and z/d=3). From Figure 9, 

it is known that vortices with small scale are described in PANS 

model.  

To compare the turbulence flow structure, Q-criteria is shown 

in Figure 10. In both simulations, the horseshoe vortices in front 

of the wall mounted square cylinder was observed similarly. But 

the flow structures behind the obstacle is more realistically ex-

amined in PANS simulation. This shows that the PANS has ad-

vantages to simulate the turbulence flow field with massive sep-

aration.  

z/d=4

z/d=3

z/d=2

z/d=1

(A) RANS (B) PANS 

Figure 9: Vorticity distribution in 4 locations of different 

height 
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(A) RANS (B) PANS 

Figure 10: Q Criteria of numerical simulations (Q=0.5)

4.2 Target Flow 2 

In contrast to previous section, the ship is a representative ex-

ample of the streamlined body. In streamlined body, the massive 

separation of flow is generally not observed. Of course two pair 

of bilge vortex is shown in the wake region behind a ship, but it 

is directly affected by ship type such as a tanker, container, and 

LNG carrier. Since the ship speed of a container is relatively 

larger than other types of vessel, the hull form is designed to be 

more streamlined to reduce the resistance, these bilge vortex is 

also very weaken.   

The total resistance coefficient, CTM is compared in Table 2. 

The results from both simulations showed a similar value and 

within 1.0% difference. But RANS is slightly agreed well to that 

of model test rather than PANS. 

Table 2: Resistance of KCS in calm sea condition 

Description CTM  Accuracy 

Model test [12] 3.711 ൈ 10-3 100.0% 

RANS (present) 3.661 ൈ 10-3 98.7% 

PANS (present) 3.634 ൈ 10-3 97.9% 

 The Figure 11 shows the pressure distribution on a FWD-hull 

by two methods.  As well-known, the resistance is oriented by 

the summation of pressure and skin friction on the target object 

in general. Since the total resistance value is similar each other, 

as shown in Table 2, it can be inferred that the pressure distribu-

tion on a hull is also similar, regardless of the numerical method. 

In a container ship, it is well known that the portion of the wave 

resistance in total resistance is relatively larger than the other ship 

types for example, tanker, bulker and LNG carrier. Therefore the 

Kelvin wave around container is clearly observed in general. In 

both simulations, the predicted Kelvin wave are almost similar, 

as shown in Figure 12. 

From results based on the second target flow, the difference 

between of RANS and PANS is relatively negligible rather than 

those of first target flow. 

(A) RANS 

(B) PANS 

Figure 11: Pressure distribution on KCS

(A) RANS 

(B) PANS 

Figure 12: Free surface distribution on KCS

4. Conclusion

In this study, we investigated the capability of PANS in two 

different turbulent flows; the flow past a wall mounted square 
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cylinder and the flow around KCS. These two flows have contra-

dict characteristics in point of view on fluid mechanics. The first 

target flow is a representative of the massive flow separation, the 

second flow is typically considered as streamlined flow.  

 The PANS method showed better performance to predict the 

unsteady characteristics of flow than RANS simulation. Espe-

cially, instantaneous turbulent flow structures were predicted re-

alistically and the time averaged velocity quantities such as ve-

locity profiles in wake region were agreed well to those of model 

test. On the other hands, the flow around KCS from PANS was 

similarly predicted with those of RANS. Although the total re-

sistance coefficient from PANS simulation is 0.8% less than that 

from RANS simulation, these results showed about 2% differ-

ence comparing to the measurement on the model test. In calm 

water, the difference of Kelvin wave on the free surface or pres-

sure distribution on hull surface between RANS and PANS sim-

ulations are almost negligible.  

From this study, it is concluded that the PANS method can be 

a relatively good selection for the numerical simulation of a tur-

bulent flow with massive separation. 
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