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Abstract
CrankeNicolson scheme in native OpenFOAM source libraries was not able to provide 2nd order temporal accuracy of velocity and pressure
since the volume flux of convective nonlinear terms was 1st accurate in time. In the present study the simplest way of getting the volume flux
with 2nd order accuracy was proposed by using old fluxes. A possible numerical instability originated from an explicit estimation of volume
fluxes could be handled by introducing a weighting factor which was determined by observing the ratio of the finally corrected volume flux to the
intermediate volume flux at the previous step. The new calculation of volume fluxes was able to provide temporally accurate velocity and
pressure with 2nd order. The improvement of temporal accuracy was validated by performing numerical simulations of 2D TayloreGreen vortex
of which an exact solution was known and 2D vortex shedding from a circular cylinder.
Copyright © 2016 Production and hosting by Elsevier B.V. on behalf of Society of Naval Architects of Korea. 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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1. Introduction
OpenFOAM is a package of free, open source libraries for
computational fluid dynamics under the general public license.
With the price of commercial software becoming more expensive, much attention has being paid to utilize OpenFOAM in
most areas of academic research as well as industrial application.
The core capabilities of OpenFOAM are for users to implement
custom objects such as boundary conditions, discretization
schemes or turbulence models without having to modify the
fundamental platform of existing source codes and solve any
partial differential equation with mathematical syntax for tensor
operations. These features have been achieved by getting the
most beauty out of object-oriented Cþþ language in the construction of operator overloading, template metaprogramming,
virtual constructors and run-time selection. The systematic
construction of run-time selection makes it possible to use
several schemes for time integration and spatial discretization
without any modification of source codes. Once a spatial
E-mail address: sblee1977@dau.ac.kr.
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discretization scheme is chosen, the run-time selection searches
the keyword of discretization scheme in external-linked libraries
in order to build coefficient and source matrices which are
specified by ‘internalCoeffs_’, ‘boundaryCoeffs_’, ‘lowerPtr_’,
‘diagPtr_’, ‘upperPtr_’ and ‘source_’ in OpenFOAM libraries.
When users impose Neumann, Dirichlet and periodic boundary
conditions, the matrices of internal and boundary coefficients
and source term are formed in the same way.
By the benefits of run-time selection using virtual constructors, OpenFOAM is able to provide 10 basic boundary
conditions, 13 constraint conditions, 71 derived conditions
natively (OpenFOAM User Guide). If necessary, the virtual
member function of ‘updateCoeffs’ in ‘fvPatchField’ class
allows users to create a new boundary condition for scalar,
vector and tensor quantities as reported in the previous study
of Lee and Rhee (2015). Park and Rhee (2012, 2013)
manipulated the source libraries of OpenFOAM by adding a
cavitation model in order to investigate the super-cavitation
and three-dimensional clouds cavitation. The accurate prediction of hull resistances by Lee (2014) required a new
boundary condition for volume of fluids in OpenFOAM to
consider dynamic trims and sinkages of ship.

http://dx.doi.org/10.1016/j.ijnaoe.2016.11.007
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Nomenclature
D
f
F
p
Re
S
St
t
!
U
V
Vp
w
Dt
r
n
fHbyA
n
*

diameter of cylinder
face
volume flux at face
pressure
Reynolds number
surface of control volume
Strouhal number
time
velocity vector
control volume
cell volume
weighting factor
computational time step
density
kinematic viscosity
uncorrected volume flux
time step
intermediate step

The platform of OpenFOAM takes advantage of run-time
selection to discretize spatial derivative terms in governing
equations. The native source codes give 61 interpolation
schemes and limiters including upwind, linear, MUSCL
(monotonic upstream-centered scheme for conservation laws,
van Leer, 1979) and QUICK (quadratic upstream interpolation
for conservative kinematics, Leonard, 1979). Because the
gradient operator over finite volumes is calculated from face
values by Gauss theorem or yielded in least-square form to
minimize a weighted error, 2nd order spatial accuracy of velocity and pressure can be obtained in OpenFOAM if physical
quantities are spatially interpolated at each face with 2nd order
accuracy. Similarly to spatial discretization schemes the native
source codes provide 5 basic schemes for time integration such
as steady state, 1st order Euler, 2nd order backward, 2nd order
CrankeNicolson and local Euler. Since the steady state
scheme has nothing to do with temporal accuracy and local
Euler scheme has an inherent violation of conservation laws,
my concern is focused on how to make coefficient and source
matrices in 1st order Euler and 2nd order CrankeNicolson
schemes and whether OpenFOAM can show an expected order
of temporal accuracy or not. When CrankeNicolson scheme is
applied to NaivereStokes equations especially, the calculation
of volume fluxes in nonlinear convective terms plays an
important role in keeping 2nd order of temporal accuracy.
Because the temporal accuracy is critical in large eddy or
direct numerical simulations, the order of temporal accuracy
has to be thoroughly discussed in order to ensure the capability
of OpenFOAM in numerical simulations with high fidelity.
The main objectives of the present work are to analyze the
discretized formulation of NaviereStokes equations, examine
the temporal accuracy of time integration schemes and
improve the treatment of volume fluxes in nonlinear convective terms of NaviereStokes equations in order to keep 2nd

order of temporal accuracy when using CrankeNicolson
scheme. To validate an effect of new volume fluxes on
improving the temporal accuracy of velocity and pressure, two
dimensional numerical simulations of TayloreGreen vortex
have been performed by using OpenFOAM 3.0.1. The exact
solution of 2D TayloreGreen vortex enables to quantify the
numerical errors of discretization schemes. In addition 2
dimensional vortex shedding behind a circular cylinder has
been numerically simulated at low Reynolds number. The
convergences of drag coefficient and shedding frequency were
compared to disclose the temporal accuracy of time integration schemes depending on a computational time step.
2. Mathematical formulation
The mass and momentum conservation equations to obtain
velocity and pressure for incompressible flows are expressed
as follows:
!
V$U ¼ 0

ð1Þ

!
!!
vU
!
þ V$ U U ¼ Vp þ vV2 U
ð2Þ
vt
!
where U is a velocity vector, p is the kinematic pressure and n
represents the kinematic viscosity. When a finite volume discretization of Eq. (2) is formulated by integrating over the
control volume and applying Gauss theorem:
Z
V

Z
Z
Z
!
vU
!! !
! !
dV þ
U U $d S þ VpdV  v VU $d S ¼ 0
vt
S

V

S

ð3Þ
!
where d S is the outward pointing differential of the surface
area vector. By introducing the volume flux (F ) through each
face ( f ) and the volume (VP) of a cell one expresses Eq. (3) as
follows:
Z
!
X !
X! !
vU
VP þ
F U f þ VpdV  v
S $Vf U ¼ 0
vt
f
f

ð4Þ

V

When Eq. (4) is temporally discretized by Euler scheme, it
can be expressed as follows:
Z
!ðnþ1Þ !ðnÞ
X
U
U
!ðnþ1Þ
VP þ
F ðnþ1Þ U f
þ Vpðnþ1Þ dV
Dt
f
V

X ! !ðnþ1Þ
v
S $Vf U
¼ OðDtÞ

ð5Þ

f

where O(Dt) represents that the equation is 1st order accurate in
time. In order to construct a matrix system equivalent to Eq. (5)
!ðnþ1Þ
!ðnþ1Þ
is generally replaced with F ðnÞ U f
. This lineF ðnþ1Þ U f
arization process will not impair 1st order of temporal accuracy
because of
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ðnÞ
vF  !ðnþ1Þ
!ðnþ1Þ
!ðnþ1Þ
F ðnþ1Þ U f
¼ F ðnÞ U f
þ Dt  U f
ð6Þ
vt
!*
An intermediate velocity vector, U , is calculated from the
following equation in PISO (pressure implicit with splitting of
operator) algorithm
!*
X
X ! !*
U
!*
VP þ
F ðnÞ U f  v
S $Vf U
Dt
f
f
Z
!ðnÞ
U
VP  VpðnÞ dV þ OðDtÞ
¼
Dt

ð7Þ

V

It is definitive that the intermediate velocity has 1st order of
temporal accuracy. In the process of solving a pressure Poisson
equation and correcting the intermediate velocity the temporal
accuracy of velocity and pressure is still 1st order.
When Eq. (4) is temporally discretized by 2nd order
CrankeNicolson scheme, Eq. (7) will be expressed as follows:
!*
U
1 X ð*Þ !* v X ! !*
VP þ
F Uf 
S $Vf U
2 f
2 f
Dt
¼

Z
!ðnÞ
U
1 X ðnÞ !ðnÞ v X ! !ðnÞ
VP  VpðnÞ dV 
F Uf þ
S $Vf U
2 f
2 f
Dt
V

ð8Þ
Prior to solving Eq. (8) an intermediate volume flux, F ð*Þ ,
has to be determined. If F ð*Þ ¼ F ðnþ1Þ Eq. (8) is definitely
2nd order accurate in time but not able to be expressed as a
linear algebra form. By setting F ð*Þ ¼ F ðnÞ the native source
codes of OpenFOAM can construct a linear matrix system but
this linearization process makes Eq. (8) 1st order accurate in
time.
When Eq. (4) is discretized by 2nd order upwind Euler
scheme which is implemented under the name of ‘backward’
in OpenFOAM, Eq. (7) will be expressed as follows:
!*
X
X ! !*
3U
!*
VP þ
F ð*Þ U f  v
S $Vf U
2 Dt
f
f
Z
!ðnÞ
!ðn1Þ
U
1U
VP 
VP  VpðnÞ dV
¼2
2 Dt
Dt

ð9Þ

V

Similarly to CrankeNicolson scheme, the native source
codes of OpenFOAM use F ð*Þ ¼ F ðnÞ in order to linearize the
convective term. As a result, as long as one calculates the
intermediate volume flux from the previous one in the linearization of convective term, the degradation of
CrankeNicolson and 2nd order upwind Euler schemes to 1st
order temporal accuracy is unavoidable regardless of the inner
iteration number for PISO algorithm of OpenFOAM. Once
Eq. (8) or (9) are solved using F ð*Þ ¼ F ðnÞ , an uncorrected
volume flux ðfHbyA Þ is calculated from the intermediate velocity field with 1st order accuracy in time. Because the
source term of pressure Poisson equation, the divergence of
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fHbyA , is not updated in the inner iteration process of PISO
algorithm, the increase of inner iteration cannot lead to 2nd
order accuracy in time. Regarding the number of inner iteration in PISO algorithm of OpenFOAM, more than 2 inner
iterations are recommended not to keep 2nd order temporal
accuracy but to reduce the residual of pressure sufficiently.
The number of inner iteration is set to be 3 for all schemes
used in the present study because 2 inner iterations turn out to
be insufficient to reduce the residual of pressure in some
cases.
In order to keep 2nd order of temporal accuracy some
remedies can be discussed. First the convective term is able to
be linearized in time as used in the previous study of Kim et al.
(2002) as follows:

1  ðnþ1Þ ðnþ1Þ
ðnÞ ðnÞ
V$ Ui
Uj
þ Ui Uj
2


i
1 h ðnÞ
ðnÞ
ðnÞ ðnÞ
¼ V$ Ui þ DUi Uj þ DUj þ Ui Uj
2

 
1  ðnþ1Þ ðnÞ
ðnÞ ðnþ1Þ
¼ V$ Ui
Uj þ Ui Uj
þ O Dt2
2
ðnþ1Þ

ð10Þ

ðnÞ

 Ui . Although this linearization leads
where DUi ¼ Ui
to 2nd order temporal accuracy of convective terms, users have
to modify the fundamental platform of OpenFOAM because
the coefficient matrix of divergence operator is implicitly
determined depending on spatial discretization schemes,
resulting in undermining the biggest advantage of OpenFOAM. The alternative way of getting the volume flux at each
face requires a little extra effort by carrying out PISO algo!*
rithm additionally. After solving Eq. (8) with F ðnÞ U f instead
!*
of F ðnþ1Þ U f , a clone equation of pressure Poisson equation
will be solved. Because the updated clone variable of pressure
corrects the volume flux to satisfy the continuity equation,
Eq. (8) can use a newly updated volume flux. Although the
extra effort nearly doubles the amount of time it takes to run
one time step, it is still more efficient than 1st order Euler
scheme because the calculation time increases linearly while
the numerical error shows a quadratic reduction in
CrankeNicolson scheme.
Lastly the simplest way of getting the volume flux with 2nd
order accuracy is a temporally explicit estimation by using old
fluxes as follows:

 
vF ðnÞ 
ð*Þ
ðnÞ
F ¼ F þ Dt
ð11Þ
 þ O Dt2

vt
If the time interval is constant, Eq. (11) can be simply
expressed as F ð*Þ ¼ 2F ðnÞ  F ðn1Þ with 2nd order temporal
accuracy. The extrapolation of volume flux satisfies the
continuity equation obviously since F ðnÞ and F ðn1Þ satisfied
the local conservation of mass. To avoid a numerical instability owing to an excessive estimation of volume flux a
weighted form of intermediate volume flux can be proposed
as follows:
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F ð*Þ ¼ ð1 þ wÞ  F ðnÞ  w  F ðn1Þ

ð12Þ

where w denotes a weighting factor. The unity value of w represents that the volume flux is estimated with 2nd order accuracy
while w ¼ 0 means the previous volume flux is used with 1st
order accuracy. The weighting factor can be reasonably determined by observing the ratio of the finally corrected volume flux
to the intermediate volume flux at the previous step as follows:
 ðnÞ 



F 
1 F ðn*Þ
F ðnÞ


w¼
þ
ð13Þ
min
1:0;
F ðn*Þ 
ðn*Þ
ðnÞ
2 jF j jF j
where F ðn*Þ is the intermediate volume flux at the previous step.
If the corrected volume flux ðF ðnÞ Þ and an initially extrapolated
flux ðF ð*nÞ Þ have opposite signs at the previous step, w ¼ 0
would be better for numerical stability at the current step. If
F ðnÞ < F ðn*Þ , 0 < w < 1 will be used to calculate the intermediate
volume flux to avoid an excessive estimation of volume flux.
When F ðnÞ > F ð*nÞ , the volume flux will be estimated with w ¼ 1.
Fig. 1 illustrates a quadrant distribution of the weighting factor.
Fig. 2. Numerical domain of two dimensional TayloreGreen vortex.

3. Validation
3.1. 2D TayloreGreen vortex
2D TayloreGreen vortex has been a famous benchmark
flow to quantify an error of numerical method because the
exact solutions of velocity and pressure were given as follows:
u ¼ sinðxÞcosðyÞe2vt
v ¼ cosðxÞsinðyÞe2vt
4
p ¼ ½cosð2xÞ þ cosð2yÞe4vt
r

Fig. 1. Quadrant distribution of a weighting factor.

ð14Þ

where n is the kinematic viscosity and r is the density of fluid.
The present numerical domain is p  x; y  p while a cyclic
boundary condition is imposed on each boundary of numerical
domain. The initial fields are given at t ¼ 0 as shown in Fig. 2.
To check the temporal and spatial accuracy of OpenFOAM
computations are carried out with various computational time
steps on several uniform meshes as listed in Table 1. The
numerical errors of velocity and pressure are calculated with
L2 norm at t ¼ 1s. Fig. 3 shows a spatial convergence of velocity and pressure errors when 1st order upwind and 2nd
order linear schemes are applied. The computational time step
is Dt ¼ 0.001s. When using upwind scheme, the spatial accuracy of velocity and pressure shows 1st order in Fig. 3(a) as
expected. In Fig. 3(b) of linear scheme, the order of spatial
accuracy is 2 for velocity while the numerical error of pressure
is likely to be constant as Dx decreases. This is because the
volume flux at face is 1st order accurate in the native source
codes of OpenFOAM although 2nd order CrankeNicolson
scheme is applied in time. Note that the unsteady term of
NaviereStokes equation is balanced with the diffusion term
while the convective term is related with the pressure gradient
term in 2D TayloreGreen vortex. Since the unsteady and
diffusion terms are completely discretized with 2nd order in
time by CrankeNicolson scheme, the numerical errors of
velocity shows 2nd order convergence regardless of the volume flux in the convective term. However the 1st order
treatment of volume flux in the convective term prevents a
numerical error of pressure from being smaller than a
threshold value as Dx decreases even though 2nd order linear
scheme is used for spatial discretization. When an explicit
estimation of volume flux using Eq. (12) is applied, the order
of spatial accuracy for both velocity and pressure is clearly 2
with linear scheme as shown in Fig. 3(c).
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Table 1
Calculation conditions for numerical simulations of 2D TayloreGreen vortex.
Dt

Meshes
32  32

4.0
1.0
2.0
4.0
1.0
2.0
4.0
1.0
2.0











4

10
103
103
103
102
102
102
101
101

O

64  64
O
O
O
O
O
O
O
O
O

128  128

256  256

512  512

1024  1024

O

O

O

O
O
O
O
O
O
O
O

Fig. 3. Error convergences of velocity and pressure in space: (a) upwind scheme, (b) linear scheme with 1st order temporally accurate volume fluxes and (c) linear
scheme with 2nd order temporally accurate volume fluxes.
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Now many computations have been performed with several
Dt in order to examine the temporal accuracy of OpenFOAM.
Linear interpolation scheme is applied to two uniform meshes
of 64  64 and 1024  1024. Fig. 4 shows temporal accuracies of OpenFOAM in 64  64 meshes. Fig. 4(a) and (b)
display the computational results when the native Euler and
CrankeNicolson schemes are applied. Fig. 4(c) shows the

temporal accuracy when increasing the number of inner iteration from 3 to 5 while the temporal accuracy of 2nd order
Euler scheme referred as backward scheme in OpenFOAM is
displayed in Fig. 4(d). Fig. 4(e) and (f) display numerical errors of velocity and pressure when an extra calculation of
volume flux is performed and an explicit estimation of volume
flux using Eq. (12) is used in CrankeNicolson scheme. Solid

Fig. 4. Error convergences of velocity and pressure in time when using 64  64 meshes: (a) Euler scheme, (b) CrankeNicolson scheme with 1st order accurate
volume fluxes in native OpenFOAM libraries, (c) CrankeNicolson scheme with 5 inner iterations, (d) 2nd order upwind scheme with 1st order accurate volume
fluxes in nave OpenFOAM, (e) CrankeNicolson scheme with an extra calculation of volume fluxes and (f) CrankeNicolson scheme with an explicit estimation of
volume fluxes using Eq. (12).
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and dashed lines of each figure represent the numerical errors
of velocity and pressure respectively. Euler scheme of
Fig. 4(a) shows 1st order of temporal accuracy for velocity and
pressure at large Dt. The temporal accuracies of velocity are
very similar in Fig. 4(b)e(f), i.e. the numerical error of velocity is O(Dt2) at Dt 0.04s and likely to be constant at small
Dt. The temporal accuracy of native CrankeNicolson is 1st

435

order accurate for pressure in Fig. 4(b) while the order of
temporal accuracy for pressure is a little improved with new
calculation of volume flux as shown in Fig. 4(e) and (f). The
improvement of temporal accuracy for pressure is clearly
observed in Fig. 5 when using 1024  1024 meshes. The order
of temporal accuracy is 1 for velocity and pressure in Fig. 5(a)
where Euler scheme is applied. The native CrankeNicolson

Fig. 5. Error convergences of velocity and pressure in time when using 1024  1024 meshes: (a) Euler scheme, (b) CrankeNicolson scheme with 1st order accurate
volume fluxes in native OpenFOAM libraries, (c) CrankeNicolson scheme with 5 inner iterations, (d) 2nd order upwind scheme with 1st order accurate volume
fluxes in nave OpenFOAM, (e) CrankeNicolson scheme with an extra calculation of volume fluxes and (f) CrankeNicolson scheme with an explicit estimation of
volume fluxes using Eq. (12).
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Table 2
Wall-clock time spent to get the same order of numerical errors when using 1024  1024 meshes (t ¼ 1s).
Schemes

Dt

Euler
CrankeNicolson with 1st accurate volume flux
Backward with 1st order accurate volume flux
CrankeNicolson with an extra calculation
CrankeNicolson with an explicit estimation

1.0
2.0
2.0
4.0
4.0

Errors of velocity






103
103
103
102
102

2.55
1.43
1.43
3.23
3.23







104
104
104
104
104

Errors of pressure
3.28
3.14
3.13
3.13
3.00







104
104
104
104
104

Wall-clock time

Efficiency

150,315
102,043
103,896
6516
2674

100%
67.9%
69.1%
4.3%
1.8%

scheme of Fig. 5(b) provides 2nd order temporal accuracy for
velocity while the order of numerical errors is O(Dt) for
pressure. When increasing the number of inner iteration from
2 to 5, it does not affect the temporal accuracy of numerical
solution as seen in Fig. 5(c) because the source term of
pressure Poisson equation is not updated in the inner iteration
process of PISO algorithm. Since the implicit 2nd order upwind scheme is not free from the 1st order linearization, the
‘backward’ scheme of OpenFOAM gives rise to 1st order
temporal accuracy in Fig. 5(d). However an extra calculation
of volume flux in Fig. 5(e) as well as an explicit estimation of
volume flux in Fig. 5(f) leads to 2nd order of temporal accuracy for velocity and pressure even though the numerical error
of pressure seems to be constant at very small Dt.
The numerical efficiency of two remedies showing 2nd
order temporal accuracy of pressure is evaluated in Table 2.
The numerical errors of velocity and pressure in 1024  1024
meshes are comparable at Dt ¼ 0.001s in Euler scheme,
Dt ¼ 0.002s in CrankeNicolson scheme with 1st order accurate volume flux, Dt ¼ 0.002s in 2nd order upwind Euler
scheme with 1st order accurate volume flux and Dt ¼ 0.04s in
CrankeNicolson scheme with newly calculated volume fluxes.
To obtain the same order of numerical errors, 1st order Euler,
2nd order CrankeNicolson with 1st order accurate volume
flux and 2nd order upwind Euler with 1st order accurate volume flux schemes spend 1.50  105, 1.02  105 and
1.04  105 s, respectively, while 2nd order CrankeNicolson
scheme with the extra calculation of volume flux requires
6516 s. The explicit estimation of volume flux using Eq. (12)
needs only 2674 s to obtain the solution with the same order of
numerical errors.

100 (ReD ¼ 100). To examine the temporal accuracy of time
integration schemes, the numerical results of three schemes
are compared at Dt ¼ 0.015s, 0.01s, 0.004s, 0.002s and 0.001s,
i.e. Euler, CrankeNicolson in native OpenFOAM and
CrankeNicolson with 2nd order accurate flux using Eq. (12).
The Strouhal number (St ¼ fD/U∞) describing the vortex
shedding frequency of a circular cylinder and the drag coefficient (CD) are listed in Table 3. The present Strouhal number
and drag coefficient shows an excellent agreement with the
previous experimental and numerical results (Williamson,
1989; Rajani et al., 2009; Cao et al., 2010). Because the numerical results of CrankeNicolson scheme with 2nd order
accurate flux using Eq. (12) shows a good convergence
as Dt decreases, the convergence values of vortex shedding

3.2. 2D vortex shedding from a circular cylinder

Fig. 6. Numerical domain of two dimensional vortex shedding from a circular
cylinder.

The shedding of vortices from a circular cylinder has been a
subject of interest for a great many years due to its geometric
simplicity and practical importance. Because vortex shedding
phenomena are governed by pressure and velocity distributions adjacent to the surface of circular cylinders, a vortex
shedding frequency and a drag coefficient acting on the circular cylinder can be good indicators for the temporal accuracy of time integration schemes. Fig. 6 shows a numerical
domain of C-type in which 34,000 hexahedral cells are used.
The mesh consists of 200 grid points in the circumferential
direction while 101 grid points are located in radial direction.
The radial height of the first cells on the cylinder surface is
0.001D. The Reynolds number based on the diameter of cylinder (D), free-stream velocity (U∞) and kinematic viscosity is

Table 3
Comparisons of Strouhal number and drag coefficient.
Dt

Strouhal number
Euler

Drag coefficient

C-N with
1st order
F(*)

C-N with
2nd order
F(*)

Euler

C-N with
1st order
F(*)

C-N with
2nd order
F(*)

0.001 0.164797 0.164910
0.002 0.164639 0.164863
0.004 0.164325 0.164770
0.010 0.163396 0.164489
0.015 0.162635 0.164250
Williamson (1989)
Rajani et al. (2009)
Cao et al. (2010)

0.164957
0.164957
0.164960
0.164981
0.165009
0.161
0.165
0.160

1.27342
1.27320
1.27272
1.27102
1.27002

1.27412
1.27464
1.27576
1.27864
1.28112

1.27364
1.27378
1.27372
1.27388
1.27404
e
1.3423
1.4504
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frequency and drag coefficient are set to be a reference.
Fig. 7(a)e(c) display the differences of Strouhal number and
drag coefficient from the reference value for Euler,
CrankeNicolson in native OpenFOAM and CrankeNicolson
with 2nd order accurate fluxes, respectively. Solid and dashed
lines of each figure represent the numerical differences of
Strouhal number and drag coefficient respectively. The
convergence of numerical discrepancy for Strouhal number
and drag coefficient is 1st order in Euler scheme shown in
Fig. 7(a). With 1st order calculation of volume flux in
CrankeNicolson scheme of native OpenFOAM, Fig. 7(b)
shows 1st order accurate prediction of Strouhal number and
drag coefficient in time. When the volume flux is calculated
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with 2nd order accuracy using Eq. (12) in Fig. 7(c), the
convergence of numerical discrepancy for Strouhal number is
close to 2nd order. Although the convergence order of drag
coefficient looks lower than 2, note that the magnitude of drag
coefficient difference in Fig. 7(c) is much smaller than those of
Fig. 7(a) and (b). It means that the drag coefficient of Fig. 7(c)
is on the way of convergence at very small Dt.
4. Conclusions
In the present study numerical simulations of 2D Taylore
Green vortex and 2D vortex shedding from a circular cylinder
were performed to investigate the temporal accuracy of time

Fig. 7. Differences of Strouhal number and drag coefficient from the reference value for: (a) Euler, (b) CrankeNicolson in native OpenFOAM and (c)
CrankeNicolson with 2nd order accurate volume fluxes using Eq. (12).
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integration schemes used in OpenFOAM. The combination of
run-time selection and virtual constructors used in OpenFOAM
provides a striking convenience for implementing custom objects such as boundary conditions or turbulence models and
constructing spatial and time integration schemes. Unlike
spatial discretization schemes keeping their own accuracy,
however, CrankeNicolson scheme in native OpenFOAM
source libraries was confirmed not to keep 2nd order temporal
accuracy since the volume flux of convective nonlinear terms is
1st accurate in time. In the present study the simplest way of
getting the volume flux with 2nd order accuracy was proposed
by using old fluxes. A possible numerical instability originated
from an explicit estimation of volume flux could be handled by
introducing a weighting factor which was determined by
observing the ratio of the finally corrected volume flux to the
intermediate volume flux at the previous step. The new calculation of volume flux was confirmed to provide temporally accurate velocity and pressure with 2nd order.
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