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Abstract. Fast and accurate simulation of the outdoor airflow distribution is important for studying urban 

microclimate. In this paper, two pressure-correction schemes (i.e., NIPC and NSPF) for solving the N-S 

equation item by item are implemented in OpenFOAM and their differences from the PISO algorithm in 

simulating the airflow around a single 1:1:2 bluff body are analyzed. The RNG k-ε turbulence model is 

chosen to study the airflow disturbance, while the second-order discretization scheme of Gauss 

limitedLinear is used to solve the advection term in the N-S equation. The results show that the NIPC can 

accurately predict the main airflow characteristics around the bluff body, while the NSPF cannot predict the 

recirculation region on its top. The two pressure-correction schemes underestimate the TKE distribution on 

the top and leeward sides of the bluff body when applying the RNG k-ε turbulence model, and the maximum 

relative error is about 30%. However, they are consistent with the results of the PISO algorithm under the 

same conditions. The two schemes are about 2.5-3.0 times faster than the PSIO algorithm when run on a 

CPU, and the NSPF is about 12% faster than the NIPC scheme.

1 Introduction 
In recent years, the scale of urban residential areas has 

become growing due to the acceleration of urbanization, 

and its unreasonable spatial configuration seriously 

affects the physical and mental health of residents and the 

comfort of their living environment [1]. Therefore, the 

quality of urban microclimate has received much attention, 

and the urban layouts should be quickly evaluated in the 

urban planning stage. Numerical simulation is one of the 

most effective methods. Unfortunately, the conventional 

CFD methods are computationally intensive and slow for 

unsteady problems [2], and thus cannot meet the demand 

for fast simulation of the urban microclimate over long-

time spans. 

Many studies focus on developing fast numerical 

simulation method, such as the FFD (Fast Fluid Dynamics) 

method. The FFD method based on the semi-Lagrangian 

(SL) scheme was first proposed by Stam [3] and has been 

widely used to quickly simulate the indoor and outdoor 

airflow distributions [4-7]. Zuo et al. [4] used the FFD to 

fast simulate the isothermal airflow distribution in a 2D 

cavity with a computational speed of about 30-50 times 

faster than the conventional CFD method. However, the 

FFD method adopted by Zuo et al. uses numerical 

viscosity as a substitute for turbulent viscosity [4], which 

cannot accurately predict the vortex region on the leeward 

side of the buildings when applying it to natural 

ventilation simulation [5]. Mortezazadeh and Wang [6] 

improved the accuracy of FFD method using a fourth-

order scheme and combined it with LES to simulate the 

microclimate of a city [7]. However, the SL scheme does 
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not guarantee the overall quantity conservation and may 

produce large numerical dissipation errors [6]. 

In this paper, two pressure-correction schemes for 

solving N-S equations item by item are implemented in 

OpenFOAM, and their differences from the PISO 

algorithm in simulating the airflow around a single 1:1:2 

bluff body are analyzed. The RNG k-ε turbulence model 

is used to study the airflow disturbance, while the second-

order discretization scheme of Gauss limitedLinear is 

chosen to solve the advection term in the N-S equation. 

The airflow distribution around a bluff body has many 

complex and unstable turbulence characteristics, such as 

flow separation, reattachment, and unsteady vortex 

shedding. It has been widely used to validate various 

numerical simulation methods and turbulence models [8]. 

2 Research methods 
This section introduces two pressure-correction schemes 

for solving N-S equation item by item and their solution 

process. These schemes use different splitting methods to 

decompose the N-S equation. The momentum equations 

for incompressible viscous flow are as follows. 

 
���
�� + �� �����	 = − 


�
��
��� + 
 ����

��	��	 +
��
�               (1) 

 

where i, j = 1, 2, 3; Ui is the ith component of the velocity, 

m/s; p is the pressure, Pa; ρ is the density, kg/m3; Fi is the 

ith component of the body forces, kg/(m2‧s2); ν is the 

kinetic viscosity, m2/s. 
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2.1 Non-incremental pressure-correction (NIPC) 
scheme

The NIPC scheme was firstly proposed by Chorin [9] and 

used a two-step time advance method to split the 

momentum equation into two equations. 
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where Uin and Uin+1 represent the air velocity at previous 

and current time steps, respectively; Ui* is the 

intermediate air velocity.  

Eq. (2) can be solved by using Euler implicit scheme 

to the temporal term, an implicit scheme for diffusion 

term, and a semi-implicit scheme for advection term to 

obtain the air velocity Ui*. The pressure term (i.e., Eq. (3)) 

is solved together with continuity equation by the pressure 

projection method to ensure mass conservation. Finally, 

the velocity Uin+1 at the current time step can be solved 

through Eq. (3) and (4). 
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2.2 Navier-Stokes equations projection foam 
(NSPF) scheme

NSPF adopts the same splitting method as FFD method to 

split the N-S equations into the following three terms. 
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where U** also represents the air velocity at the 

intermediate moment between the previous time step and 

the current time step. Unlike the FFD method based on the 

SL scheme, NSPF scheme uses a semi-implicit scheme 

for discretization and the Gauss-Seidel approach as a 

smoother for iterative solution. The solution process for 

other terms is the same as the NIPC scheme. 

3 Results and analyses

3.1 Case description

The airflow around a single 1:1:2 (length (x): width (y): 

height (z)) bluff body is selected to verify the accuracy of 

the two pressure-correction schemes. The dimensions of 

bluff body are 0.08 m (length) × 0.08 m (width) × 0.16 m 

(height). The parameters of the computational domain are 

shown in Fig.1, and its dimensions are 25.50 Hb (x) × 

13.75 Hb (y) × 11.25 Hb (z), where Hb represents the width 

of the bluff body. The coordinate origin is set at the center 

point of the bluff body. Due to space limitations, the 

results of the grid independence test are not shown in this 

paper. However, the results show that discretizing the 

computational domain into 189 (x) × 108 (y) × 102 (z) grid 

cells with the minimum grid size is about 4.44 × 10-3 m, 

which can ensure grid independence. The time step size is 

0.0005 s that can maintain the stability in the solution 

process. For the convenience of expression, the 

simulation cases are named according to the numerical 

simulation method-turbulence model-discretization 

scheme in this paper. In this paper, the final normalized 

residual for each item is less than 1.0 × 10-6 as the 

convergence criterion. In the initial state, the velocity and 

pressure fields are set to zero. All cases are calculated on 

a personal computer (PC) with the basic configuration of 

“Intel(R) Core (TM) i7-10700 CPU @ 2.90GHz”. 

 

Fig. 1. Diagram of the computational domain.

The Re number is about 48,000 based on the height of 

the bluff body and inlet velocity Ub = 4.5 m/s. The power-

law exponent of the vertical profile of inlet velocity is 

approximately 0.27. The turbulence characteristics of the 

inlet are calculated by the following equations. 
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where κ is the von Karman constant, κ = 0.4; Cμ is a 

constant that takes the value of 0.9 in this paper. The 

ground roughness length of the computational domain is 

set to z0 = 1.8 × 10-4 based on the experimental data [10]. 

3.2 Fast simulation of the airflow around a single 
1:1:2 bluff body

In this section, the computational accuracy and efficiency 

of the two pressure-correction schemes are analyzed. The 

results are shown in Fig. 2. These schemes can accurately 

predict the main airflow characteristics around the bluff 

body, and the results also agree well with the experimental 

data, while the turbulent kinetic energy (TKE) on the top 

and leeward sides of the bluff body is underestimated with 

a maximum relative error of about 30%. However, the 

TKE distributions of these schemes are consistent with the 

results of the PISO algorithm. Therefore, this discrepancy 

between the simulated results and experimental data of 

TKE may be a common problem with the k-ε turbulence 

model using the isotropic eddy viscosity. 
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Fig. 2. Distributions of TKE and air velocity Ux on the vertical 

plane (y/Hb = 0) for different numerical simulation methods.

The results also show that there is almost no difference 

between the simulation results of NIPC scheme and the 

PISO algorithm, while the NSPF scheme cannot predict 

the recirculation region on the top of the bluff body, as 

shown in Fig. 3. 

 

Fig. 3. Velocity vector and TKE contours on the vertical section 

(y/Hb = 0) for different numerical simulation methods.

To qualify the discrepancy, Fig. 4 shows a comparison 

of the percentage differences in normalized air velocity 

magnitude between the simulation results of the different 

numerical simulation methods and the experimental data. 

As can be seen form Fig. 4, the results of the two pressure-

correction schemes applying the RNG k-ε turbulence 

model are acceptable for most of the locations with the 

relative error is less than 20% compared to the 

experimental data, except for the simulation results of the 

vortex region on the leeward side of the bluff body where 

there are large errors compared to experimental data. 

Considering the experimental data were obtained with 

some experimental uncertainty, which was not mentioned 

in more detail in the reference. Therefore, the differences 

between the simulation results of two pressure-correction 

schemes and experimental data are acceptable. These 

schemes can be used to quickly evaluate the different 

urban residential layouts in the urban planning stage. 

 

Fig. 4. Comparison of the percentage differences in normalized 

air velocity magnitude between the simulation results of the 

different numerical simulation methods and experimental data.

The dimensionless time t* (t* = tcpu × Ub/Hb ×10-5) is 

also used to compare the computational efficiency of the 

two pressure-correction schemes and the PISO algorithm, 

where tcpu is the CPU time consumed by each simulation 

case. The two pressure-correction schemes are about 2.5-

3.0 times faster than the PISO algorithm when applying 

the RNG k-ε turbulence model and second-order 

discretization scheme, and the NSPF is about 12% faster 

than the NIPC scheme. The results are shown in Table 1. 

Table 1. Comparison of the computational time for different 

numerical simulation methods applying the RNG turbulence 

model and Gauss limitedLinear discretization scheme. 

Numerical simulation 

methods 

Dimensionless time t* 

(tcpu × Ub / Hb × 10-5) 

NIPC 5.506 

NSPF 4.914 

PISO 13.625 

4 Discussions
In our study, the two pressure-correction schemes are 

about 2.5-3.0 times faster than the PISO algorithm when 
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applying the RNG k-ε turbulence model, but lower than 

the FFD method based on the SL scheme [4]. The reason 

for this discrepancy may be that the FFD method uses 

simple numerical viscosity as a substitute for turbulent 

viscosity and uses a simple non-slip wall treatment. We 

also investigated the computational speed of the two 

pressure-correction schemes applying the one-equation 

turbulence model (i.e., SpalartAllmaras, SA) and the 

laminar model, which are about 6.0-8.5 times faster than 

the PISO algorithm applying the two-equation turbulence 

model. Although using a simple turbulence model can 

improve the computational speed, its computational 

accuracy will be greatly affected, as shown in Fig. 5. 

In addition, the configuration of a PC and the 

discretization schemes used to solve the advection term 

are also the factors that affect the computational speed. 

Therefore, the differences in computational accuracy and 

efficiency between the two pressure-correction schemes 

proposed in this paper and the FFD method when applied 

to quickly simulate the outdoor airflow distributions need 

to be further evaluated in detail under the same conditions. 

 

Fig. 5. Velocity vector at vertical section (y/Hb = 0) that 

predicted by the NIPC scheme applying the laminar and 

different turbulence models.

5 Conclusions
In this paper, two pressure-correction schemes are 

implemented in OpenFOAM and validated with the 

experimental data. The following conclusions are drawn. 

The NIPC scheme can accurately predict the main 

airflow characteristics around the bluff body when 

applying the RNG turbulence model with a second-order 

discretization scheme, while the NSPF cannot predict the 

recirculation region on the top of the bluff body. The two 

pressure-correction schemes underestimate the TKE 

distribution on the top and leeward sides of the bluff body 

when applying the RNG k-ε turbulence model with a 

maximum relative error of about 30%. However, they are 

consistent with the results of the PISO algorithm. The two 

pressure-correction schemes are about 2.5-3.0 times faster 

than the PISO algorithm when applying the RNG k-ε 

turbulence model and second-order discretization scheme, 

and the NSPF is about 12% faster than the NIPC scheme. 

These schemes proposed in this paper can be used to 

quickly evaluate the different urban residential layouts in 

the urban planning stage. 

The computational accuracy and efficiency of the two 

pressure-correction schemes are analyzed and validated in 

detail in this paper. However, the differences of two 

pressure-correction schemes proposed in this paper when 

applying different turbulence models and discretization 

schemes need to be further evaluated in detail, so as to 

find a reasonable combination scheme with certain 

computational accuracy and efficiency. 
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