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a b s t r a c t 

The immersed boundary method has been widely used for simulating flows over complex geometries. 

However, its accuracy in predicting the statistics of near-wall turbulence has not been fully tested. In 

this work, we evaluate the capability of the curvilinear immersed boundary (CURVIB) method in predict- 

ing near-wall velocity and pressure fluctuations in turbulent channel flows. Simulation results show that 

quantities including the time-averaged streamwise velocity, the rms (root-mean-square) of velocity fluc- 

tuations, the rms of vorticity fluctuations, the shear stresses, and the correlation coefficients of u ′ and v ′ 
computed from the CURVIB simulations are in good agreement with those from the body-fitted simula- 

tions. More importantly, it is found that the time-averaged pressure, the rms and wavenumber-frequency 

spectra of pressure fluctuations computed using the CURVIB method agree well with the body-fitted re- 

sults. 

© 2021 The Author(s). Published by Elsevier Ltd on behalf of The Chinese Society of Theoretical and 

Applied Mechanics. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Turbulent flows in real-world applications often happen with 

omplex geometry. The immersed boundary (IB) method, which is 

ased on non-body-fitted grids, does not require complicated grid 

eneration process, providing an efficient approach for simulating 

ows with complex boundaries. Although the immersed boundary 

ethod has been applied to different flow problems [1-4] , its ca- 

ability in simulating near-wall turbulence has not been systemati- 

ally evaluated, which is of vital importance for some applications, 

.g., the noise prediction [ 5 , 6 ]. The fractional step method is of-

en employed for solving the incompressible flows [7-9] . When the 

mmersed boundary method is employed with the fractional step 

ethod, the velocity reconstruction is often applied at the inter- 

ediate velocity instead of the final velocity after the projection 

tep. This causes an inconsistency between the reconstructed ve- 

ocity boundary condition and the divergence free condition. To ad- 

ress this problem, Kim et al. [10] introduced a source/sink term to 

he continuity equation for cells containing the immersed bound- 

ry. Ikeno and Kajishima [11] proposed a consistent scheme and 

xamined the capability of the proposed scheme in predicting the 

ean velocity and velocity fluctuations for incompressible flows in 
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ligned channel, inclined channel, circular pipe and nuclear rod- 

undle. In the work by Kang et al. [12] , the reconstructed veloc- 

ty is corrected using the least square method to satisfy the con- 

traint of global mass conservation. The capability of the proposed 

pproach was then assessed for predicting the mean streamwise 

elocity, rms (root-mean-square) of velocity fluctuations and wall- 

ressure power spectra in turbulent channel flows. In this work, 

he curvilinear immersed boundary (CURVIB) method [ 8 , 13 ] is em- 

loyed, which adopts a curvilinear grid as the background grid 

nd allows approximately distributing grid nodes in a way fol- 

owing the immersed boundaries whenever it is possible. In the 

URVIB approach, a correction term, which is often very small, 

s uniformly applied to the reconstructed velocity to ensure the 

lobal mass conservation. The objective of this work is to system- 

tically examine the CURVIB method in predicting near-wall ve- 

ocity and pressure fluctuations of the turbulent channel flow at 

 e τ = u τ δ/ν = 180 , where u τ is the friction velocity, δ is the half 

eight of the channel and ν is the kinematic viscosity. 

The virtual flow simulator (VFS) [14] is employed in this 

ork for direct numerical simulation (DNS) of the fully developed 

urbulent channel flow. The governing equations are the three- 

imensional unsteady incompressible Navier-Stokes equations in 
ety of Theoretical and Applied Mechanics. This is an open access article under the 
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Fig. 1. A schematic for a the reconstruction of the velocity at IB node and b the storage arrangement of velocity, pressure and contravariant velocity. 

Fig. 2. A schematic for the setup of the immersed boundary simulation with a coordinate definition, b grid distribution and c grid nodes near the upper wall. Note that the 

grid for the immersed boundary simulation is designed in a way that the top and bottom walls do not coincide with grid nodes in the wall-normal direction. 
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urvilinear coordinates shown as follows: 

J 
∂U 

j 

∂ξ j 
= 0 , 
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j u l 
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∂ 

∂ξ j 

(
g jk 

J 

∂u l 

∂ξ k 

)]
,

(1)

here x i and ξ i are the Cartesian and curvilinear coordinates, re- 

pectively, ξ i 
l 

= ∂ ξ i /∂ x l are the transformation metrics, J is the Ja- 

obian of the geometric transformation, u i is the i -th component 

f the velocity vector in Cartesian coordinates, U 

i = ( ξ i 
m 

/J ) u m 

is 

he contravariant volume flux, g jk = ξ j 

l 
ξ k 

l 
are the components of 

he contravariant metric tensor, ρ is the density, μ is the dynamic 

iscosity, and p is the pressure. The governing equations are dis- 

retized in space using a second-order accurate central differencing 

cheme, and integrated in time using the fractional step method. 

n algebraic multigrid acceleration along with generalized mini- 

al residual method (GMRES) solver is used to solve the pressure 

oisson equation. A matrix-free Newton-Krylov method is used for 

olving the discretized momentum equation. More details about 

he flow solver can be found in Refs. [14-16] . 

In the CURVIB method, the background grid nodes are classified 

s solid nodes inside solid body and fluid nodes in the fluid. The 

uid node with at least one neighbour of solid nodes is marked as 

he IB node (e.g. point b in Fig. 1 a). The velocity of the IB node is

econstructed using the velocity at point c and the velocity at the 

oundary to supply boundary conditions for the outer flow simula- 

ions, in which the velocity at c is interpolated from the surround- 

ng fluid nodes. For DNS and wall-resolved large-eddy simulation, 

he linear interpolation is employed for the velocity reconstruction. 

or flows at high Reynolds number, computationally efficient wall- 

odeled large-eddy simulation is preferred, in which the velocity 

s reconstructed using a wall model [17-22] . The CURVIB method 

mploys a hybrid staggered/non-staggered grid layout, as shown in 

ig. 1 b, for solving satisfying the divergence-free conditions. The 

quations are advanced in time using a second-order fractional 
2 
tep method. The procedure for advancing the flow field for one 

ime step is summarized as follows: 

1 Solve the momentum equation for the intermediate velocity at 

volume centers, with the velocity reconstructed at the IB nodes 

serving as boundary conditions; 

2 Compute the contravariant velocity at the face centers using the 

velocities at volume centers; 

3 Correct the contravariant velocity at face centers, which are 

next to IB nodes, to satisfy the global mass conservation; 

4 Solve the Poisson equation with its right-hand-side term com- 

puted using the contravariant velocities; 

5 Obtain the final velocity and pressure for this time step. 

More details about the CURVIB method can be found in Refs. [ 8 ,

 , 23 , 24 ]. 

We carry out simulations of fully developed turbulent channel 

ow to evaluate the capability of the CURVIB method in predict- 

ng the near-wall turbulence. The Reynolds number based on the 

all friction velocity is R e τ = u τ δ/ν = 180 , where ν is the kine- 

atic viscosity, u τ = ( τw 

/ρ) 
1 
2 is the wall friction velocity, and δ is 

he half height of the channel. The flow is driven by a mean pres- 

ure gradient in the streamwise direction to maintain a constant 

ass flux. 

A schematic for the setup of the immersed boundary simula- 

ion is shown in Fig. 2 . The streamwise, wall-normal and span- 

ise directions are denoted by x , y and z, respectively. The size 

f the computational domain is L x × L y × L z = 2 πδ × 2 . 02 δ × πδ,

n which the computational domain in wall-normal direction is 

et in the range of y ∈ [ −0 . 01 , 2 . 01 ] with two manually located 

alls at y = 0 and y = 2 between grid nodes. The numbers of grid

odes are N x × N y × N z = 256 × 134 × 256 . In order to fully exam- 

ne the accuracy, the grid for the immersed boundary simulation 

s designed in a way that the top and bottom walls do not co- 

ncide with grid nodes in wall-normal direction. The wall-normal 

rid spacing near the upper and lower walls is �y = 0 . 0044 δ,

ith the corresponding �y + = �y u τ /ν = 0 . 80 . The grid nodes are

niformly distributed in the streamwise and spanwise directions, 

espectively, with the grid spacings calculated to be �x + = 4 . 4 
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Fig. 3. Comparison of a time-averaged streamwise velocity and b root-mean-square of velocity fluctuations. 

Fig. 4. Comparison of a total shear stress −〈 u ′ v ′ 〉 /u 2 τ + d 〈 u + 〉 / d y + and b Reynolds shear stresses −〈 u ′ v ′ 〉 /u 2 τ . 
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Fig. 5. Correlation coefficients of u ′ and v ′ . 
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nd �z + = 2 . 2 , respectively. Periodic boundary conditions are ap- 

lied in the streamwise and spanwise directions. The time step 

s set to �t = 0 . 004 πδ/u b , which corresponds to a CFL (Courant–

riedrichs–Lewy) number of u b �t/ �x = 0 . 5 , where u b is the bulk

elocity. This setup for time step indicates about 500 steps for one 

ow through. For the body-fitted simulation, the size of the com- 

utational domain is L x × L y × L z = 2 πδ × 2 δ × πδ with the num- 

er of grid nodes of N x × N y × N z = 256 × 128 × 256 . The height of 

he first off-wall grid node is �y = 0 . 004 δ, with the corresponding

y + = 0 . 72 . The time step for the body-fitted simulation is set to

e the same with that of the immersed boundary simulation. Both 

imulations are firstly carried out until the flows are fully devel- 

ped, then additional simulations are carried out to obtain turbu- 

ence statistics for about 100 flow throughs. 

We first compare the profiles of mean streamwise velocity in 

ig. 3 a and the root-mean-square of the velocity fluctuations in 

ig. 3 b from the immersed boundary simulation with those from 

he body-fitted simulation carried out by Kim et al. [25] . As seen, 

he immersed boundary predictions agree well with the body- 

tted results and the reference. Then, we compare the profiles of 

otal shear stress and Reynolds shear stress in Fig. 4 . As discussed 

n Ref. [26] , the following equation leads to the profile of a straight

ine in Fig. 4 a for the total shear stress: 

d 〈 u 〉 
d y 

− 〈 u ′ v ′ 〉 = 

τw 

ρ

(
1 − y 

δ

)
⇒ 

d 〈 u 

+ 〉 
d y + 

− 〈 u ′ v ′ 〉 
u 

2 
τ

= 1 − y 

δ
. (2) 

eanwhile, in the middle of the channel at y/δ = 1 , due to 

 〈 u + 〉 / d y + = 0 , the Reynolds shear stress −〈 u ′ v ′ 〉 /u 2 τ should have a

lope of −1 with respect to y/δ, as shown in Fig. 4 b. It is observed

learly that both total shear stress and Reynolds stress from the 
3 
mmersed boundary simulations agree well with body-fitted simu- 

ation and the reference. We further compare the correlation coef- 

cients of u ′ and v ′ in Fig. 5 . It can be seen that there is a relatively

trong correlation between u ′ and v ′ in a wide range of y/δ near 

he wall, which indicates certain coherent motions in the wall re- 

ion. As discussed in Ref. [25] , an observed weak peak at y + ≈ 12 

hows the location of the maximum production and the maximum 

treamwise velocity fluctuation. It is observed that all these fea- 

ures are well predicted by the immersed boundary simulations. 

Next, we compare the profiles of rms of the vorticity fluctua- 

ions in Fig. 6 . It can be seen the immersed boundary simulation 
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Fig. 6. Root-mean-square of vorticity fluctuations a ω 

′ 
x, rms , b ω 

′ 
y, rms and c ω 

′ 
z, rms , normalized by mean shear. 

Fig. 7. Comparison of the near-wall behavior of velocity fluctuations: u ′ + rms / y 
+ , 

v ′ + rms / y 
+2 and w 

′ + 
rms / y 

+ . 
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an accurately predict the vorticity fluctuations. As is explained 

n Ref. [25] , the local minimum and the local maximum of the 

treamwise vorticity indicate the edge and centre of the vortex, re- 

pectively, leading to an estimation of the centre of the streamwise 

ortex located at y + = 20 with radius r + = 15 . 

Then, we examine the near-wall scaling of velocity fluctuations 

 

′ 
i, rms 

in Fig. 7 to evaluate the capability of the employed CURVIB 

ethod in predicting the near-wall behavior, where the boundary 
Fig. 8. Comparison of a time-averaged pressure and b

4 
onditions are not directly applied at the wall. Applying the no-slip 

oundary condition and continuity equation to the Taylor series 

xpansion of the velocity components [26] , it can be obtained that 

he streamwise u ′ + rms and spanwise w 

′ + 
rms have a linear scaling of y + , 

hile the wall-normal v ′ + rms has a behavior of y +2 scaling, as shown 

n Fig. 7 . It is observed that the immersed boundary method can 

ccurately predict such scalings. 

At last, we focus on the capability of the immersed boundary 

ethod in predicting time-averaged pressure and statistics of pres- 

ure fluctuations. We show the profiles of time-averaged pressure 

nd rms of pressure fluctuations in Fig. 8 . It is observed that the 

redictions of the immersed boundary simulation agree well with 

hose from the body-fitted simulations, although somewhat differ- 

nces are observed for the peak of the time-averaged pressure. In 

ig. 9 , we compare the normalized wavenumber-frequency spectra 

f the pressure fluctuations at two wall-normal locations, which 

re compted using the following equations: 

( y ; k x , ω ) = 

| p′ ( y ; k x , ω ) | 2 
�N x / 2 −1 

i = −N x / 2 
�N t / 2 −1 

j= −N t / 2 

∣∣p′ (y ; k x,i , ω j 

)∣∣2 
, (3) 

here k x and ω are the streamwise wavenumber and fre- 

uency, respectively, and p′ ( y ; k x , ω ) is the spatial-temporal dis- 

rete Fourier transform (DFT) of pressure fluctuation p′ ( y ; x, t ) = 

p( y ; x, t ) − 〈 p( y ; x, t ) 〉 . Ensemble averaging for | p′ ( y ; k x , ω ) | 2 is car- 

ied out in the spanwise direction and in time with 50% over- 

apping. To make comparisons between the two simulations, the 

ody-fitted result is shown by contour floods, whereas the im- 

ersed boundary result is indicated by red solid contour lines. It 
 root-mean-square of the pressure fluctuations. 
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Fig. 9. Normalized wavenumber-frequency spectra of pressure fluctuations at a wall and b y + = 30 computed from the two simulations. To make comparisons, the body- 

fitted result is shown by contour floods, whereas the immersed boundary result is indicated by red solid contour lines. 
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s observed that the energy-containing regions of pressure fluc- 

uations predicted by the two simulations are almost identical at 

he considered wall-normal locations with slight differences ob- 

erved at high wavenumber and frequency for the spectra at the 

all, which indicates that the immersed boundary method is able 

o predict the space-time structure of pressure fluctuations at the 

ame accuracy as the body-fitted method. 

In this work, we examine the capability of the curvilinear im- 

ersed boundary method in predicting near-wall turbulence of the 

urbulent channel flow at Reynolds number R e τ = 180 by compar- 

ng its predictions with those from the simulation of a body-fitted 

ethod. Quantities including mean and fluctuations of velocity, 

orticity and pressure, shear stresss, correlation coefficient of u ′ 
nd v ′ , near-wall scaling of velocity fluctuations and wavenumber- 

requency spectra of pressure fluctuations are compared. Two con- 

lusions can be drawn as follows: (1) The accuracy of the curvi- 

inear immersed boundary method in predicting statistics of ve- 

ocity and pressure fluctuations is almost the same as that of 

he body-fitted method; (2) For the wavenumber-frequency spectra 

f pressure fluctuations, minor fluctuations are observed at high 

avenumber and high frequency for the immersed boundary pre- 

ictions, which might not be of great significance as the energy at 

hat wave number and frequency is several orders of magnitude 

maller than the maximum value. 

Since the Cartesian grid is employed in this work, similar con- 

lusions are expected for the immersed boundary method based 

n the Cartesian grid with similar near wall treatments. Only the 

ase of the turbulent channel flow at a low Reynolds number is 

ested in this work for which DNS is feasible. Further studies need 

o be carried out using cases at high Reynolds numbers to test LES 

nd the immersed boundary method with wall models. Further- 

ore, evaluation on the near wall accuracy of the CURVIB method 

ill be carried out in the future work for cases with complex 

oundaries. 
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