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An implementation of Mann’s method of generating synth&ibulence is described. A
brief introduction to the method is given prior to some detan the implementation. Sev-
eral tests to verify the implementation follows and finalig tise of the program is described.

The code is written in Fortran 90 in a very 77-like form. It ignped in Section 5 and
available for download from:

http://vbn.aau.dk/fbspretrieve/18432733/Fortran ecddr_download.zip

Please note the comment given in Section 5 on page 15. If yoe &dmy comments or
questions, please feel free to contact me on my e-mail:

lassegilling@hotmail.com
Disclaimer The program, source code and this document is gives "as iséreTare no

known errors, but no warranty is given. In no event shall théhar or Aalborg University
be liable for any damages caused.
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1 How it Works

The program is based on the paper by Mann (1998). There areveovgome points not
addressed in the paper, which are necessary to producentbdhaergence free turbulence
fields. These issues will be discussed in the following.

1.1 The Method

The method is based on Fourier transform of wave number rgeciithereby, the velocity
field consist of the sum of a large number of linear waves astieeillustrated in Figure 1.
If the physical domain is resolved intd x N> x N3 points the wind field will consist of the
sum ofN; x No x N3 many linear waves.

"wavefront

X3

Figure 1: A single linear component of the wind fiel&.is the wave number vector which has the
coordinates of the point in wave number space. The direatmhwavelength is given byand the
amplitudea is E(k) multiplied by a random number.

To introduce the concept a pseudo algorithm is presentedgarighm 1. In Section 5 the
code is printed. Below, the matrices are defined.

Algorithm 1: Pseudo algorithm
for all wave number vectors k in the domain do
Determine random vectar(k). n must be Gaussian and complex
Determine matrixB(k), c.f. (13) in Mann (1998)
Determine covariance tensBfk)
Determine Fourier-Stieltje vectodZ (k) = BCn
end
Make generated field afZ (k) "symmetric”, i.e.dZ(—k) = dZ* (k)
Run three dimensional FFT to get velocity fialtk) = [ €¥*dZ(k)
Correct divergence if desired
Write velocities to file and/or do diagnostics

The Fourier-Stieltje vectors are determined from
dz(k) = BCn 1)

where
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Fork =0 (5)-(7) will be undefined. In this poi@ will be zero sdB is chosen as the identity
matrix to prevent the program to fail due to division with@eFork; = 0 the limit values
of {41, (> and{3 will be used

lim 3 =— lim 2, =0 lim {3=1 11
Jmb=-p . lm7c o Jimds (11)

Each point in the resolved spectral domain is described bsneewumber vectdk. E(K) is
the energy spectrum, which gives the energy associatedhdgtlinear wave defined by the
wave number vectck

L4k*

_ e2/3| 5/3
E(k) = ag”"L (11 L2k2)17/8

12)

L defines the length scale and?® scales the intensityl’ gives the degree of anisotropy.
These three parameters should be given as input to the pragang with the dimensions
of the domain.

To ensure the generated wind field is real the Fourier-f&tieimponents must satisfy the
condition

dZ(—k) =dz*(k) (13)

Consequently, only about half of the random numbers can bserharbitrarily. For some
specialk, e.g.k = 0, (13) enforces the imaginary part to be zero.

The above equations are based on the assumption that thiesgies of the domain are
large compared to the turbulence length scale. Mann (1988)ssthat the approximation is
good fordxj)Nj) < 8L for j = 2,3, where the parentheses in the index cancels the summa-
tion convention.



1.2 Periodicity

As the FFT-algorithm assumes the function to be periodie génerated field will be peri-
odic in all three directions. That is, there will be a cortiela coefficient of (nearly) unity
of the velocities on each side of the box.

In most applications this is not desired. To remedy this lemh generate a wind field larger
than the desired domain and discard some of the data. Th&edagize of the generated
wind field depends on the resolution of the domain and thethescale of the turbulence.
For wind turbines the largest of2or 8L is recommended, whei2 is the rotor diameter.

1.3 Incompressibility

The components of the wind field are determined from Fourggrsformation of the Fourier-
Stieltje vectors

v(X) = / d*dz (k) (14)

Incompressibility of the wind field requires zero divergerf the field. Using index nota-
tion with the summation convention the condition can betemit
an
“J_0 15
an ( )

By combining (14) and (15) a condition can be imposed on theiEpStieltje vectors

% - i/é"*k,-dz,-(k) 0 = [kdz(k =0 (16)
]

Pre-multiplication of (1) withk yields

1 [E® kikoly — Kok + K322 + koksls Ty
kdz(k) = @\ Kk KEZ1 — kikolo —kikals| |2

0 n3

17

If ny andny, are independent random variables (17) will only be zero éisiotropic case
where(; = {, = 0 and{z = 1. If n; andn, are chosen to satisfy, = n1ky/k; then (17) will
also be zero in the anisotropic case. This is a poor choicgever, as this will giverz =0
in all points.

If a divergence free field is required then the divergence beagorrected as described in
Section 2.2.

1.4 Possible Improvements

Below are some possible improvements listed:

¢ In the present implementation the entire field of Fouriéel§¢ vectors are generated
from independent random numbers. Then, symmetry is erdaasedefined in (13).
This procedure costs a little on the computation time, big @&asier to change the
way symmetry is enforced.



e The divergence correction can implemented by the TDMA atigar instead of the
MINRES algorithm for solving the linear equations which htigncrease computa-
tional speed.

e The approximation for large dimensions of the domain comgbdo the turbulent
length scale can be avoided, but then the spectral tensabmobtained by numerical
integration. This integration could be implemented.

2 Additional Features

Below, two features are presented. Both can be used, buatkeyot required for generating
the velocity fields. The first determines the one-dimendioagelation function which can

be used to verify or describe the field. It produces extrauubpt does not modify the

generated turbulence field. The latter is a divergence ciiore method. It produces no
extra output, but makes changes to the velocity field.

2.1 One-Dimensional Correlation Function

In all three directions of the domain the one-dimensionab-@orrelation function is de-
termined for all three components. The correlations areagesl over the remaining two
directions.

Further, the average correlation between the three vgloocinponents are determined.

2.2 Divergence Correction

For isotropic field the divergence of the continuous field bé zero. This is not the case for
the discrete representation, however. As was shown in@ettB anisotropic fields are not
divergence free, even in the continuous representatiorthisrsection a method to correct
the divergence to zero will be shown.

The corrected velocity field can be determined from

700 = v, — 25 (18

where the functiorP(x) is defined from

62p an
—E_70 19

oxz  0x (19)

By this definitionvj(x) will satisfy (15) identically. The definition op is recognized as a
Poisson differential equation. For a given numerical diffgial scheme the equation can be

solved by solving a system of linear equations. Here anddrcdde the 2nd order central
difference scheme will be used.

The divergence is determined in all points and stored in ovek It is used as right hand
side in (19). The problem is formulated as a linear systiemAp, whereA is a coefficient
matrix defined from the numerical differential scheme. Tihedr system is solved by the
MINRES algorithm, which is possible becauAés symmetric.



In the MINRES algorithm matrix-vector multiplications grerformed repeatedly. For typ-
ical dimensions of the domain the number of points is so l#nge it would require huge
amounts of memory to allocate the full coefficient matrix.fdf instanceN; = 8192 and
N> = N3 = 32 the coefficient matrix should be of dimensiar8388 608x 8,388 608. How-
ever, the matrix is very sparse and has a simple structure.

A subroutine has been written that will take any vector asiirgmd give the product with
the coefficient matriXA as output. By utilizing the simple structure of the matriisthas
been implemented in a way that never forms the matrix it sef €ven in some kind of
sparse format). The approach has very low demands to memadrig guite fast due to the
efficiency of the MINRES algorithm.

3 \Verifications

To check the implementation of the program several tests bagn performed. Below some
of the results from these tests are presented.

3.1 Vector Plot

In Figure 2 a vector plot of a generated velocity field is shoviaach cone in the figure
represents a velocity vector. The sizes of the cones aredstmkhow the magnitude of the
vectors. It is seen that the field is periodic. Further, itstrates the spatial correlation as
structures can be seen in the field.
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Figure 2: Vector plot of a generated velocity field. The field is isofmowith dxj = 1m, Nj = 64
andL = 25m.
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3.2 Isotropy

In Figure 3 the variances of the three velocity componergsshown for 250 uncorrelated
realizations. The generated field and the domain it selbisapic withl” = 0, dx; = dxp; =
dxz andN; = N» = N3. Therefore, the average variances of the three componkatgds
be identical. It is seen that there are large variations freatization to realization but the
average variances are close to identical.

1.9
2
(%] Gl
@ 1.8f s
c 2
8 : 2
g L7 o
..'. 2
3 : —— mean(c
e ( ;)
E] .. —— mean(o?)
IS ; 2
o 1.5 mean(og)
1-4 L L L L
0 50 100 150 200 250

Number of realizations

Figure 3: Variances of the three velocity components determined fr@n250 realizations.

3.3 Spectrum

In Figure 4 the one-sided, one-dimensional spectrum ofrgégv; components is shown.
The spectrum from the realization has been averaged oveptheplane. The theoretical
spectrum given by

18 1
Su(ki) = zz0e? 3L ——— (20)
55 (1+L2k2)%°

From the figure it is observed, that the agreement is goodfoblarge wave numbers the
realization gives too low energy, due to aliasing errorsictvlwas also reported by Mann
(1998).

10" .
L Simulated
— — —Theory
10° |
o 107}
1072}
1073 -2 -1 ‘ 0
10 10 10

Ky

Figure 4: One-sided, one-dimensional spectrum oftifeomponents. The spectrum of the realiza-
tion has been averaged over the y- and z-directions.
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3.4 Correlation

One dimensional correlations are plotted in Figure 5. Thamgded correlations are com-
pared to the theoretic functions by von Karman

1

0= (2 (1)

2 /13 r 2 r
o) =55 () < (D)o () @2
wherer is the separation distance algl(x) is the modified Bessel function of second kind
and ordera. f(r) describes the correlation in the direction as the veloditygonent (e.g.

correlation ofv; in the xp-direction) andg(r) describes the correlation in transverse direc-
tions (e.g. correlation of, in the x3-direction). Again, the agreement is good.

1

—f()

0.8 - -9

o
o

f(r), 9(r)

°
i

o
[N

Figure 5: One dimensional correlation function calculated from izedions compared to the theo-
retic von Karman correlation functions of isotropic turbe. Thick lines are (21) and (22) and thin
are computed from realizations with the feature descrihegbiction 2.1.

3.5 Divergence

The divergence of the vector fields given by (15), and written out in components it reads

. % . aV]_ aVZ aV3 - AV]_ AVZ AVg ( 2 3)

div(v) = et SRR T AP et e Wi
(V) 0Xj O0X1 OX2 O0X3 Axg Ax Ax3

In Figure 6 the three components are compared to their sura.d&hvative are approxi-
mated by their derivatives from the 2nd order differencesaud.

It can be seen that the divergence evaluated by the 2nd oedéatdifference scheme is
non-zero. By applying the algorithm from Section 2.2 theedi)ence is corrected to zero as
shown on the bottom figure.

4 User's Guide

The following briefly describes the use of the developed g The input and output is
described.
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Divergence vs. its three components — Uncorrected

0.6
0.4
Z 02 ——e dvl/dxl
° 0 —e dv2/dx2
X dv3/dx3
3 -02 — div(v)
-0.4
0 10 20 30 40 50 60
x, [m]
0.6
0.4
2 02 — e dvl/dxl
° 0 —=o dv2/dx2
% dv3/dx3
3 02 —_  div(V)
-0.4
0 10 20 30 40 50 60
X, [m]

Figure 6: Comparison of the divergence and its three components. ©hdtiom figure the diver-
gence has been corrected by the algorithm outlined in Se2tl

4.1 Input

The program reads 15 parameters from an input file. An exaofpseich an input file is
shown in Figure 7. The filename mustibgut . i np.

256 Nl (Variable nanes here are optional)
256 N2

256 N3

1.0 dx1

dx2

dx3

L

al phaeps

Gamma

randseed (-1 => randseed generated fromcurrent tine)
wite velocities to file

print screen output

correct divergence

wite variance to file

wite correlation to file

O OOk PkF ' OO0OWErFrPF
oOpkFrLr - OO
o O
e

Figure 7: Example of input file.

The first 10 lines define parameters and the remaining 5 lireswitches, that should be
either 0 or 1. As stated in the file the names are optional aeg #ne not read by the
program. The order of the inputs must be exactly as in the plaand no lines can be
added or deleted. A blank space must separate the variablagtie describing text.
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The three first lines define the resolution of the domain intlinee directions. These must
be on the form 2wheren is a positive integer. The next three lines define the gridisga
in the three directiongxy, dxo, dxs.

L is the turbulent length scaleal phaeps definesag?/® which scales the intensity of the
turbulence” (Ganma) is a parameter defining the degree of anisotropy of the kemioe. In
Mann (1998) typical values are given.

The random seed can be set in the input file. The random seetidb® an integer. If it
is set to—1, the program will generate a random random seed and wtideait output file.
The generated random seed is based on the current time.

The last five lines define switches that must be 0 or 1. If thgramm should write out the
velocities to files, the first switch should be set to 1.

The next line defines whether or not the program should weithe screen as the execution
progresses.

The third switch should be set to 1, if the program should exirthe divergence of the
discrete field to zero (when evaluated by the second orderatelifference scheme).

The second to last switch defines whether the program shetddrdine the variances of the
three velocity components to an output file.

The last switch should be set to 1, if the program should deter the correlation of the
velocity field and write it to a number of files. The correlatis plotted in Figure 5.

4.2 Output

Depending on the parameters in the input file the programwrile data to the files de-
scribed here.

If the random seed is not specifiadifdseed is set to—1 in the input file):
e The program generates a random random seed and writesaitdonseed. dat
If the velocity field should be written to files:
e \elocity components are written to bi n, v. bi n andw. bi n. The data is written in
(32-bit, real*4) binary form with the 3rd index varying fast and the 1st varying
slowest. (Example of how to read the data is given below)

If the variances should be computed and written to a file:

e The computed variances will be written to the fileri ance. dat. The order iso;,
02, 03

If the correlation should be computed and written to files:

¢ One-sided, one-dimensional correlation functions aréevrio files u. dat , gu2. dat ,
gu3. dat, fv.dat, gvl. dat, gu3.dat, fw dat, gwl.dat andgw2.dat. The file
names corresponds to (21) and (22). The number in the fileingtavith g is the
direction and the letter is the velocity component

e Average cross-correlation coefficients of the three coreptmis written to the file
correl ation. dat. The order i1z, P13, P23

14



Except for the files containing velocity components the dataritten formatted to ASCII
files. The data is written in lines and if old files exist whea grogram is run, it will append
the data from the new realization.

The velocity field can be read with Algorithm 2 (written in E@an). The part shown is not
complete. It only reads the components fronu. bi n and definition of most variables is
omitted here.

Algorithm 2 : Algorithm for reading the velocity field from files
real*4, allocatable :: varread(:)

allocate(varread(N1*N2*N3))
allocate(u(N1,N2,N3))
open(16,file="u.bin’,form="binary’)
read(16) varread
ii1=0
doj1=1,N1
do j2=1,N2
do j3=1,N3
ji1=jil+1
u(j1,j2,j3)=varread(jjl)
enddo
enddo
enddo
close(16)

References

Mann, J. (1998). Wind field simulatiorRrob. Engng. Mech., 13(4):269-282.

5 The Code

The code is printed in full below, and it can be downloadednfro
http://vbn.aau.dk/fbspretrieve/18432733/Fortran ecddr_download.zip

A comment should be given on the FFT subroutine and how itlisctaThe Fourier-Stieltje
components are Fourier transformed by the subrodtiuen. The subroutine expects a 1D
array but the 3D array stored in dZ(i,:,:,:) is given as inpthe trick is that Fortran stores
the components in dZ in the same order as the subroutine tsxipem. Therefore, the calls
of f our n will give the correct results. On some compilers the diffieein dimensions gives
warnings, and unfortunately on some compilers it geneetiess. Yet, | have chosen this
approach to save the memory otherwise required to allocageval D variable that contains
all the components. The argument for this choice is that nmgroften sets a rather strict
limitation for how large fields the code can generate.
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I TuGen.f90
!****************************************************************************
! PROGRAM Turbul enceSi nul ation

I PURPCSE: Sinulate turbulence field using three dinensiona

! i nverse Fast Fourier transform

! DATE: May 2008

I WRITTEN by

! Lasse Glling, MSc., Ph.D.-student

! Department of Givil Engineering

! Aal borg University

! Mail: |g@ivil.aau.dk and/or |assegilling@otmail.com
|

R R R R SRS S S S SRS RS R SR RS SRS SRR R SRR SRR R SRS R R R SRR R SRR R EREREEREEEEEEEEREEEEEEEES]

program TuGen

IEEEEE SR RS SRR SRR RS EEEREEE R R SRR R EEE SRR EREEEREEEREEEEREREEEEEEEEEREEEEEEEE]

' Variabl es
!****************************************************************************
implicit none
integer NI, N2, N3
real (8) L, al phaeps
real (8) Gamm

real (8) dx1,dx2, dx3
integer j1,j2,j3
integer jj1,jj2,jj3
real (8) dk1,dk2, dk3

nunber of points in three directions

Integral length scale and al pha*eps**(2./3.)
Paramet ers defining anisotropy

grid spacing in physical space

Counters

~Counters: Help to make program reader friendly
Wave nunber increnents

real (8) ki,k2,k3 Wve nunber conponents

real (8) k30 Initial wave nunber conponent in 3-direction
real (8) kOsquare ksquare Squared | ength of wave number vectors

real (8) E Von Karman spectral function

real (8) beta Beta in (Mann 1998)-article

real (8) B(3,3) B-matrix from"Rapid Distorsion Theory"
real (8) B1, BZ B3 Coefficients in B-matrix

real (8) Ci, Parameters used for calculating B-matrix
real (8) q33) Crmatrix

real (8) H(3,3) Hmatrix

conpl ex*16 W3, 1)
real (8) UL(3,1)

i nteger seedsize
real (8) pi

conpl ex*16 S(3, 1)
real (8) starttine, endtime
integer status, ios

real (8) vars(15)

i nteger randseed

w2(3, 1)

integer wite_vel,wite_screen

integer div_cor,wite_var
integer wite_cor

Normal distributed conpl ex random nunbers

Uni formdistributed real random nunbers

Used to set the seed of the random generator

Ratio of diameter to circunference in circle

Hel ping variable to define elenents in dz

Used to determine cal culation time

Used to chech status of the ifft and read

Array used for reading input

seed for rand. gen

switches: wite velocity, wite status to screen
correct divergence, wite variances
wite correlation function f(r)

real (8) rho, rhol2,rhol3,rho23 Correl ation coef.
real (8) sl 2,s2 2,s3 2 Variance of the the generated vel. field
real (8) tke Turbul ent kinetic energy

integer time_array(8)

Used for generating randonseed if unspecified

conpl ex*8, allocatable codzZ(:,:,:,:) ! Fourier-Stieltje coefficients

real (8), allocatable :: vi(:,:,:) I Velocities in 1 direction

real (8), allocatable :: v2(:,:,:) I Velocities in 2 direction

real (8), allocatable :: v3(:,:,:) I Velocities in 3 direction

real (8), allocatable :: f1(:) I Correlation function, f(r)

real (8), allocatable :: 9g2(:) I Correlation function, g(r) , v2-conp
real (8), allocatable :: g3(:) I Correlation function, g(r) , v3-conp
real (4), allocatable :: VarWite(:) I Wite velocities to file

| ogi cal inpbool I Check if the input-file exist

IBEEEEEEEEEEEEE SRR EEEEEE SRR EREREEEEEEEEE SRR SR EEEEEEEEREEEEEEEREREREREREREEERESS

I Read input fromfile
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IBREEEEEEEEEEE SRR EEEEEEEEEEEEEEREEEEEEEEE SRR SR EEEEEEEEREEEEREEEREREEEEEEEEEEEESS

var s=0d0

| set default control parameters. 1 for yes, 0 for no
vars(10)=-1 ! randseed

vars(11)=1 ! witeve

vars(12)=1 ! wite to screen

vars(13)=0 ! divergence cor

vars(14)=0 ! conpute variances and wite to file
vars(15)=0 ! conpute correlations and wite til file
inquire(file="input.inp’,exist=inpbool)

i f(.not.inpbool)then
wite(* *) "ERROR Cannot find input-file! Sinulation aborted
stop
endi f
open(uni t=10,file="input.inp")
do j1=1,15
read(10, *,iostat=i os) vars(j1)
if(ios.ne.0)then
if(jl.1t.10)then
wite(* *) "ERROR Not enough data in input-file! Sinulation aborted
stop
endi f
exit
endi f
enddo
cl ose(uni t=10)
I Set variables
Nl=vars(1)
N2=var s( 2)
N3=var s( 3)
dx1=vars(4)
dx2=var s(5)
dx3=var s(6)
L=vars(7)
al phaeps=vars(8)
Gamma=var s(9)
randseed=var s( 10)
wite_vel =vars(11)
write_screen=vars(12)
di v_cor=vars(13)
write_var=vars(14)
write_cor=vars(15)
I check size of domain
call check2(NL,j1)
if(jl.ne.1)then
print* '"Error: Nl nust be on the form 2"n
stop
endi f
call check2(N2,j1)
if(jl.ne.1)then
print* '"Error: N2 nust be on the form 2"n
stop
endi f
call check2(N3,j1)
if(jl.ne.1)then
print* "Error: N3 nust be on the form 2*n’
stop
endi f

IEEEEE SR RS SRR SRR RS EEER SRR R EEEEE R EEE SRR EREEEREEEEEEEEEREEEEEEEEEEEEEEEEEE]

I Initialization
IEEEEEEEEEEEEEE SRR EEEEEEEEEEREREEEEEEEEE SRR SR EEEEEEEEREEEEEEEREREREREEEREESEESS
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al | ocat e(dz(3, N1, N2, N3))
if(wite_vel.eq.1)then
al locate(varwrite(NL*N2*N3))
endi f
if(wite_screen.eq.1)then
Wit e(*, 100) " - mm o m e +
wite(*,100) '| Simulation of inconpressible turbulence field has begun |
Wt e(*, 100) " - s mmm e +
endi f
I Start timer
call cpu_time(starttine)
pi =4d0* dat an( 1d0)
I Set random seed
i f(randseed. eq. - 1)t hen
call date_and_tine (values=tine_array)
randseed=sun(timnme_array)*(time_array(8)+1)
open(unit=55,file="randseed. dat’, access="append’)
wite(55,*) randseed
cl ose(55)
endi f
call random seed( Sl ZE=seedsi ze)
call random seed(PUT=[ 1: seedsi ze] *r andseed)

IEEEEE SR RS SRR SRR RS EEEREEEEEEEEE R R RS EREEEREEEEEEEEEEEEEEEEEEEEEEEEEEEES

I Generate the elements of dZ (i.e. the Fourier-Stieltje coefficients)
!****************************************************************************
dk1=2d0* pi / dx 1/ df | oat (N1)
dk2=2d0* pi / dx2/ df | oat (N2)
dk3=2d0* pi / dx3/ df | oat ( N3)
do j3=1,N3
do j2=1,N2
do j1=1,NL
Ty
! Generate random conpl ex vector W
Y
I Generate unifornmy distributed random nunbers
cal | random number (UL)
call random nunber ( U2)
I Box-Miller transformation to make normal distributed random nunbers
Wedenpl x(dsqrt (-2d0*dl og( U2) ) *dcos(2d0* pi *UL), &
dsqrt (-2d0*dl og( U2)) *dsi n(2d0* pi *U1) )
I For ji=0 or Ni/2+1 the imaginary part of Wnust be zero
if ((((jl.eq.1).or.(jl.eq.N1/2+1)).and. ((j2.eq.1).or.(j2.eq.N2/2+1)))&
.and. ((j3.eq.1).or.(j3.eq.N3/2+1))) then
Wedcenpl x(dbl e(W, 0d0)
end if

! Determine initial wave nunber vector

| e e o o e e o o e e m e e mmmeea o m

I Change variable to jj that takes negative values for j.ge.N2
I - i.e. shift integral range back to [-kmax; kmax[ instead of

! the range in i FFT [0; 2*kmax|

if(jl.ge.NL/2)then

jjl=-N1+j1-1
el se
jils1-1
endi f
if(j2.ge.N2/2)then
jj2=-N2+j2-1
el se
ji252-1
endi f
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if(j3.ge.N3/2)then
jj3=-N3+j3-1
el se
jjs3s3-1
endi f
I Set conponents of initial wave number vector
k1=jj 1*dk1
k2=j j 2*dk2

I Generate B-matrix to sinulate anisotropy
oy
ksquar e=k1**2+k2**2+k3** 2
if (ksquare.eq.0d0) then
I Cmatrix will be 0 and can be multiplied with anything (except NaN)
bet a=0d0
el se
bet a=Gamma* (dsqrt (ksquare) *L) **(-2d0/ 3d0)
endi f
k30=k3+bet a*k1
kOsquar e=k1**2+k2**2+k30**2
| Determine coefficients in B-matrix
if (ksquare.eq.0d0) then
! Cmatrix will be 0 - B-matrix can be chosen arbitrarily
B1=0d0
B2=0d0
B3=1d0
elseif (kl.eq.0d0) then ! use limt values for k1->0
Bl=-beta
B2=0d0
B3=1d0
el se
Cl=bet a*(k1**2) *(kOsquar e- 2* (k30**2) +bet a*k1*k30) &
I (ksquar e* (k1**2+k2**2))
C2=k2*k0squar e/ (k1**2+k2**2) **(3d0/ 2d0) &
*dat an(bet a*k1* ((k1**2+k2**2)**0. 5d0)/ (kOsquar e- k30*k1*bet a))
B1=Cl- k2*C2/ k1
B2=k2* Cl/ k1+C2
B3=kOsquar e/ ksquar e
endi f
I Assenble matrix
B(1,:)=[ 1d0, 0d0, B1]
B(2, :)=[0d0, 1d0, B2]
B(3, :)=[0d0, 0d0, B3]
| e e e e e e e e e e e e e e e e e e e e e ccececcece-eeeeeeemmm—————a
I Generate CGmatrix frominitial wave nunber vector

C(1,:)=[ 0do, k30, -k2 ]
C(2,:)=[-k30, 0d0, k1]
C(3,:)=[ k2, -k1, 0do]
E=al phaeps*L**(5d0/ 3d0) * (L**2*k0squar e) **2/ ( 1d0+( L**2*kOsquar e) ) **( 17d0/ 6d0)
i f (kOsquare.eq.0d0) then
C=0d0
el se
C=Crdsqrt (E/ 4d0)/ pi / kOsquar e*dsqrt ( dk1* dk2* dk3)
endi f

| Create elenent in dZ by multiplication of matrices and vector
Y

S:natnuI(B, mat mul (C, W)
dz(:,i1,72,i3)=[S(1,1),5(2,1),5(3,1)]
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end do !j1
end do !j2
end do !j3
Enforce symetry
do j3=1,N3
do j2=1,N2
do j1=1,M1

meke all the symmetry conditions reqiured for the velocities to becone real

i f (((j2.eq.1).or.(j2.eq.N2/2+1)).and. (((j3.eq.1) &
.or.(j3.eq.N3/2+1))).and. (j1.gt.NL/ 2+1))then
dz(:,j1,j2,j3)=conjg(dz(:,N1-j1+2,j2,j3))
elseif(((jl.eq.1).or.(jl.eq.NL/2+1)).and.((]j3.eq.1)&
.or.(j3.eq.(N3/2+1))).and. (j2.gt. N2/ 2+1) ) then
dz(:,j1,j2,j3)=conjg(dz(:,j1,N2-j2+2,j3))
elseif(((j2.eq.1).or.(j2.eq.N2/2+1)).and. ((j1l.eq.1)&

.or.(jl.eq.(N1/2+1))).and. (j3.gt.N3/2+1))then
dz(:,j1,j2,j3)=conjg(dz(:,j1,j2,N3-j3+2))

elseif((j1.gt.NL/2+1).and. ((j2.eq.1).0r.(j2.eq.N2/2+1)))then

dZ(:,j1,j2,j3)=conj g(dZ(:, NI-j 1+2, ]2, N3-] 3+2))

elseif((j1.gt.NL/2+1).and. ((j3.eq.1).or.(j3.eq.N3/2+1)))then

dZ(:,j1,j2,j3)=conj g(dZ(:, NI-j 1+2, N2-] 2+2, 3))

elseif((j2.gt.N2/2+1).and. ((j1.eq.1).or.(j1l.eq.NL/2+1)))then

dz(:,j1,j2,j3)=conjg(dz(:,j1, N2-j2+2, N3-j 3+2))

el seif((j2.gt.N2/2+1).and. ((j3.eq.1).or.(j3.eq.N3/2+1)))then

dz(:,j1,j2,j3)=conjg(dz(:, N1-j1+2, N2-j2+2,j 3))

elseif((j3.gt.N3/2+1).and. ((j1l.eq.1).or.(j1l.eq.NL/2+1)))then

dZ(:,j1,j2,j3)=conj g(dZ(: |1, N2-j 2+2, N3] 3+2))

elseif((j3.gt.N3/2+1).and. ((j2.eq.1).o0r.(j2.eq.N2/2+1)))then

dZ(:,j1,j2,j3)=conjg(dzZ(:, N1-j1+2,j2,N3-j 3+2))

The | ast symetry-condition is a "mirroring" in a plane

a) the x1-x2-plane

elseif (j3.gt.N3/2+1) then

dz(:,j1,j2,j3)=conjg(dz(:,Nl-j1+2, N2-j 2+2, N3-j 3+2))

I'b) plane defined by x1+x2+x3=0 (CGood choi se => var 1=var 2=var 3)

el sei f((dfloat(j1)/dfloat(NL)+dfloat(j2)/dfloat(N2)&

+df 1 oat (j 3)/ df I oat (N3) - 3d0/ 2d0) . gt . 0d0) t hen
dZ(:,j1,j 2, j3)=conj g(dZ(:, NI-j 1+2, N2- ] 2+2, N3- 3+2))

endi f
enddo !j1
enddo !j2
enddo !j3
if(wite_screen.eq.1)then
wite(*,100) '| Fourier coefficients have been determned
endi f

IBEEEEEEEEEE RS SRR EEEEEEEEEEEEREEEEEEEEEEEEEEEEEEEEEEREREREEEREREEREEEEEEER XSS

Do the i FFT

IBEEEEEEEEEE RS SRR EEEEEEEEEEEEREEEEEEEEEEEEEEEEEEEEEEREREREEEEREREEREEEEEERERESS

Next ,

the Fourier-Stieltje components are Fourier Transformed. The

! subroutine expects a 1D array and dZ(i,:,:,:) is 3D. The trick is that

Fortran stores the conponents in dZ in the same order as the subroutine

I expects them Therefore, the following calls will give the correct results
I On sone conpilers the difference in dinensions gives warnings, and

unfortunately on some conpilers it generates errors

I Yet, | have chosen this approach to save the menory otherwise required to
| allocate a new 1D variable that contains all the conponents of dZ. The
! argunment for this choice is that menory often sets a rather strict

limtation for how large fields the code can generate
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call fourn(dz(1 1), [NL N2, N3, 3, - 1)
cal fourn(dZ(2,: ), [NL N2, N3], 3, - 1)
call fourn(dz(3,:,:,:),[NL,N2,N3],3,-1)

if(mﬁite_screen.eq.l)then
wite(*,100) '| Velocity field has been generated
endi f

IBEEEEEEEEEEE SRR EEEEEEEEEEEEREREEEEEEEEE SRR SR EEEEEEEEREREEEEEREREEREEEEEEEEEES

! Allocate velocities if they are used frequently
!****************************************************************************
if(div_cor+wite_cor+wite_var.ne.0)then

al locat e(v1(NL, N2, N3))

al locat e(v2( N1, N2, N3))

al  ocat e(v3( N1, N2, N3))

vi=dbl e(dz(1,:,:,:))

v2=dbl e(dz(2,:,:,:))

v3=dbl e(dz(3,:,:,:))
endi f

IEEEEE SR RS SRR SRR RS EEEREEEEEEEEEE R R RS R ERE R R R R RS EEREEEREEEREEEEEEEEEE]

I Correct divergence to zero (for cds2) - Subroutine not included in this file
!****************************************************************************
i f(div_cor.eq.1)then
call div_correction(vl,v2,v3, N1, N2, N3, dx1, dx2, dx3)
I If divergence is corrected the veolcities are witten to files here
I - Otherwise vl,v2,v3 may not be allocated and the velocities are witten
! | ater
I wite vl-conponent
if(wite_vel.eq.1)then
open(16,file="u.bin" , form binary’)
171=0
do j1=1, N1
do j2=1,N2
do j3=1,N3
jilsj1+1
varwite(jjl)=dble(vi(j1,j2,j3))
enddo
enddo
enddo
wite(16) varwite
cl ose(16)
I wite v2-conponent
open(17,file="v.bin",forn= binary")
171=0
do j1=1,M1
do j2=1,N2
do j3=1,N3
jilsjj1+
varwrite(jj1)=dble(v2(j1,j2,j3))
enddo
enddo
enddo
wite(1l7) varwite
cl ose(17)
I wite v3-conponent
open(18,file="w bin', form= binary’)
171=0
do j1=1, N1
do j2=1,N2
do j3=1,N3
jilsj1+1
varwite(jjl)=dble(v3(j1,j2,j3))
enddo
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enddo
enddo
wite(18) varwite
cl ose(18)
endi f
endi f

IBEEEEEEEEEEE SR SRR EEEEEEEEEEEEREEEEEEEEE SRR SR EEEEEEEEREEEEEEEREREREREEEEEERESS

I Wite velocity field to unformatted files
!****************************************************************************
if((wite_vel.eq.1).and. (div_cor.ne.1))then
open(16,file="u.bin",forne binary’)
open(17,file="v.bin , forn binary’)
open(18,file="w. bin",forne binary’)
do jj2=1,3

171=0

do j1=1,M1

do j2=1,N2

do j3=1,N3
jilsjj1+l
varwite(jjl)=dble(dz(jj2,j1,j2,j3))
enddo

enddo

enddo

wite(15+j2) varwite
enddo
cl ose(16)
cl ose(17)
cl ose(18)
endi f

IEEEEE SR RS SRR SRR RS EEER SRR RS EE R R RS R EEEEEREEEEEEEEEREEEREEEEEEEEEEEEEE]

! Do sone diagnostics
!****************************************************************************
if(wite_cor.eq.1)then
I Cal cul ate average correl ation between vl and v3 (and v1-v2, v2-v3)
rho12=0d0
rho13=0d0
rho23=0d0
do j3=1,N3
do j2=1,N2
call corrcoef (v1(:,j2,j3),v2(:,j2,j3),NLrho)
rhol2=rhol2+rho
call corrcoef(vl(:,j2,j3),v3(:,j2,j3),NLrho)
rhol3=rhol3+rho
call corrcoef(v2(:,j2,j3),v3(:,j2,j3),NLrho)
rho23=rho23+rho
end do
end do
rhol2=rhol2/ df | oat (N2* N3)
rhol3=rhol3/df | oat (N2* N3)
rho23=rho23/ df | oat ( N2* N3)
I wite results to file
open(50,file="correlation.dat’)
write(50,111) [rhol2,rhol3, rho23]
cl ose(50)
I ** Determine correlation function f(r) and g(r) in the x-direction **
al l ocate(f1(NL))
al l ocate(g2(N1))
al l ocate(g3(N1))
f1=0d0
g2=0d0
g3=0d0

22



do j1=1,M1
do j2=1,N2
call corrcoef(v1(1,j2,:),v1(j1,j2,:),N3, rho)
f1(j 1) =f1(j 1) +rho/ df | oat (N2)
call corrcoef(v2(1,j2,:),v2(j1,j2,:),N3,rho)
92(j 1) =g2(j 1) +r ho/ df | oat (N2)
call corrcoef(v3(1,j2,:),v3(j1,j2,:),N3,rho)
93(j 1) =g3(j 1) +rho/ df | oat ( N2)
end do
end do
open(51,file="fu.dat’, access="append’)
wite(51,111) f1
cl ose(51)
open(51,file="gvl. dat’, access="append’)
wite(51,111) g2
cl ose(51)
open(51,file=" gwl. dat’, access="append’)
write(51,111) g3
cl ose(51)
deal | ocate(f1)
deal | ocat e(g2)
deal | ocat e(g3)
I ** Determine correlation function f(r) and g(r) in the y-direction **
al locate(f1(N2))
al locate(g2(N2))
al locate(g3(N2))
f1=0d0
g2=0d0
g3=0d0
do j2=1,N2
do j3=1,N3
call corrcoef(v2(:,1,j3),v2(:,j2,j3),NLrho)
f1(j 2)=f 1(j 2) +rho/ df | oat (N3)
call corrcoef(v3(:,1,j3),v3(:,j2,j3),NLrho)
92(j 2) =g2(j 2) +r ho/ df | oat ( N3)
call corrcoef(vl(:,1,j3),v1(:,j2,j3),NL,rho)
93(j 2) =g3(j 2) +r ho/ df | oat ( N3)
end do
end do
open(51,file="fv.dat’, access="append’)
wite(51,111) f1
cl ose(51)
open(51,file="gw2.dat’, access="append’)
wite(51,111) g2
cl ose(51)
open(51,file="gu2.dat’, access="append’)
write(51,111) g3
cl ose(51)
deal | ocat e(f1)
deal | ocat e(g2)
deal | ocat e(g3)
I ** Determine correlation function f(r) and g(r) in the z-direction **
al locate(f1(N3))
al l ocat e(g2(N3))
al l ocat e(g3(N3))
f1=0d0
g2=0d0
g3=0d0
do j3=1,N3
do j1=1,M1
call corrcoef(v3(j1,:,1),v3(j1,:,j3),N2,rho)
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f1(j 3)=f 1(j 3) +r ho/ df | oat ( NL)
call corrcoef(v1(j1,:,1),v1(j1,:,j3),N2, rho)
92(j 3)=g2(j 3) +rho/ df | oat (N1)
call corrcoef(v2(j1,:,1),v2(]
93(j 3)=g3(j 3) +rho/ df | oat ( N1)
end do
end do
open(51,file="fw dat’, access="append’)
wite(51,111) f1
cl ose(51)
open(51,file="gu3.dat’, access="append’)
wite(51,111) g2
cl ose(51)
open(51,file="gv3.dat’, access="append’)
write(51,111) g3
cl ose(51)
endi f
111 format (4096( E14. 6E2))
if(wite_screen.eq.1)then
if(wite_vel +wite_cor+wite_var.ne.0)then
wite(*, 100) '| Data has been witten to files
endi f
endi f

IEEEEE SR RS SRR SR SRR SRR EREEEEEEEEEE R RS EEEEEREEEEEEEREREEEEEEEEEREEEEEEEE]

i1,:,]3),N2,rho)

I Do diagnogstics and wite to screen

IEEEEE SR RS SRR SRR RS EEER SRR R EEEEE R RS EREEEREEEEEEEEEREEEEEEEEEEEEEEEEEE]

if(wite_var+wite_screen.ne.0)then
if(div_cor.eq.1)then
s1_2=sum((v1(:,:,:))**2d0)/df | oat (N1*N2*N3- 1)
s2_2=sum((v2(:,:,:))**2d0)/df | oat (N1*N2*N3- 1)
s3_2=sum((v3(:,:,:))**2d0)/df | oat ( N1*N2*N3- 1)
el se
s1_2=sun((real (dz(1,:,:,:)))**2d0)/df | oat (N1*N2*N3-1)
s2_2=sun((real (dz(2,:,:,:)))**2d0)/ df | oat ( NL* N2*N3- 1)
s3_2=sun((real (dz(3,:,:,:)))**2d0)/df | oat (N1*N2*N3- 1)
endi f

endi f

if(wite_var.eq.1)then

open(52,file="s.dat’, access="append’)

write(52,111) [s1_2,s2_2,s3 2]

cl ose(52)

endi f

if(wite_screen.eq.1)then

t ke=0. 5d0*(s1_2+s2_2+s3_2)

I sone old variables are 'reused

kl=sun{real (dZ(1,NL1/2,:,:)))/df | oat (N2* N3)

k2=maxval (i mag(dz))

j 1=randseed

| Deternine conputation tine

call cpu_tine(endtine)

k3=endtine-starttine

I Wite to screen

WEite(*,100) "] --mmmmmm |
write(*,100) '| INPUT | CHARACTERI STI CS |’
wite(*,100) "|----mmmmm - e |’
wite(*, 101) '| N =" NL, ' | Variances of vel. conp.: |
wite(*, 102) | N2 =", N2, ' | VARL =",sl2, ]
wite(*, 102) | N3 =" ,N3, ' | VAR2 =',s2_2, ]
wite(*,103) | dx1 =, dx1, | VAR3 =',832,

wite(*,104) '| dx2 =, dx2, " | Turbulent Kinetic energy: |
wite(*,103) '| dx3 = ', dx3, " | tke = ' tke, "



wite(*,104) "| L =L , e |
wite(*,104) '| al phaeps =", al phaeps, " | CONTROL |
wite(*,104) '| Gammm ="', Ganmma, e |
wite(*,105) '| randseed ="' ,j1, ' | complex =", k2, "
write(*, 106) | | div =" ,k1, ]
Wite(*, 100) " | --mmmmmmmmmm e e e e e |
wite(*,107) '| Time elapsed: ', k3, ' sec |
Wi te(*, 100) 7 4= - - s m e e e e e e +
endi f

IBEEEEEEEEEEE SR SRR EEEEEE SRR EEEREEEEEEEEE SRR SR EEEEEEEEREEEEEEEEREREREREREREESEESS

! Formats
!****************************************************************************
100 for mat ( A60)

101 format (A13,i 11, A36)

102 format (A13,i 11, A17, F17. 6, A2)
103 format (A13, F15. 6, A13, F17. 6, A2)
104 format (A13, F15. 6, A32)

105 format (A13,i 11, A17, ES17. 6, A2)
106 format (A41, ES17. 6, A2)

107 format (Al5, F17. 6, A28)

I The end!

end program TuGen

IEEEEE SR RS SRR SRR RS EEEREEEEEEEEE R R RS EREEEREEEEEEEEEEEEEEEEEEEEEEEEEEEES

I End program
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! subroutine corrcoef: Determne correlation coefficient
!****************************************************************************
subroutine corrcoef(Xx,y,n,rho)

| Calculate correlation coefficient between vectors x and y

I The algorithmis copy-pasted from WKkipedia but has been translated to fortran

IEEEEE SR RS SRR SRR R SRR R R R R SRR R R RS EEEEEREEEEEEEREREEEEEEEEEEEEEEEEEE]

I Variabl es
!****************************************************************************
implicit none

I inputs:

integer n

real (8) x(n),y(n)

| output:

real (8) rho

I auxiliary

integer i

real (8) sumsq_x, sumsq_y, sumcoproduct, nean_x, nmean_y
real (8) sweep, delta x, delta_y, pop_sd_x, pop_sd_y, cov_Xx_y

IEEEEEEEEEEEEEE SRR EEEEEEEEEEREREEEEEEEEE SRR SR EEEEEEEEREREEEEEREREEEREEEEEESESS

I Cal cul ations
!****************************************************************************
sum sq_x=0d0
sum sq_y=0d0
sum copr oduct =0d0
mean_x=x( 1)
mean_y=y(1)
do i=2,n
sweep=(i-1.0)/
del ta_x=x(i)-nmean_x
delta_y=y(i)-nmean_y
sum sq_x=sum sq_x+del ta_x*del t a_x*sweep
sum sq_y=sum sq_y+del ta_y*del ta_y*sweep
sum copr oduct =sum copr oduct +del t a_x*del t a_y* sweep
mean_x=nmean_x+del ta_ x/
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mean_y=nmean_y+del ta_y/
end do
pop_sd_x=sqrt (sum sq_x/n)
pop_sd_y=sqrt (sum sqg_y/ n)
cov_x_y=sum coproduct/n
rho=cov_x_y/ (pop_sd_x*pop_sd_y)
end subroutine

IEEEEEEEEEEEE SRR EEEEEEEEEEEEEEREEEEEEEEEEEEEEEEEEEEEEREEEEEEEREREREREEEEEERESS

I end subroutine
IBEEEEEEEEEEE SR SRR EEEEEE SRR EEEREEEEEEEEE SRR SR EEEEEEEEREEEEEEEEREREREREREREESEESS
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I subroutine fourn: do n-dinensional fft
!****************************************************************************
SUBROUTI NE four n(fourdata, nn, ndi misign)
(C) Copr. 1986-92 Nunerical Recipes Software *$3

Translated to f90-format by

Lasse G lling, Aalborg University

April 16, 2008

IEEEEE SR RS SRR R R RS EEER SRR R SRR R R RS R EREEEREEEREEEEREEREEEREEEEEREEEEEEEE]

! Variabl es
!****************************************************************************
implicit none

integer isign,ndimnn(ndim

real (4) fourdata(*)

integer i1,i2,i2rev,i3,i3rev,ibit,idimifpl,ifp2,ipl,ip2,ip3

integer ki1, k2,n, nprev, nremntot

real tenpi,tenpr

real (8) theta, wi,wpi,wor, w,wenp

IEEEEE SR RS SRR SRR R R SRR R SRR R EEEEE R RS EERE R R EEE RS EEREEEREEEEEEEEEEEREE]

I Cal cul ations
!****************************************************************************
ntot=1
do 11 idinFl, ndim
ntot=nt ot *nn(idim
11 conti nue
nprev=1
do 18 idinFl, ndi m
n=nn(idim
nrement ot/ (n*nprev)
i p1=2*nprev
i p2=i pl*n
i p3=i p2*nrem
i 2rev=1
do 14 i2=1,ip2,ipl
if(i2.1t.i2rev)then
do 13 il1=i2,i2+ipl-2,2
do 12 i3=i1,ip3,ip2
i 3rev=i2rev+i 3-i2
t enpr =f our dat a(i 3)
t enpi =f our dat a(i 3+1)
fourdata(i 3)=fourdata(i3rev)
fourdata(i 3+1)=fourdata(i 3rev+1)
fourdata(i 3rev)=tenpr
fourdata(i 3rev+l)=tenp

12 continue
13 continue
endi f
i bit=ip2/2

1 if ((ibit.ge.ipl).and.(i2rev.gt.ibit)) then
i 2rev=i2rev-ibit
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ibit=ibit/2

goto 1
endi f
i 2rev=i 2rev+ibit
14 continue
i fpl=ipl
2 if(ifpl.lt.ip2)then
i fp2=2*ifpl

t het a=i si gn*6. 28318530717959d0/ (i f p2/i p1)
wpr =- 2. d0*si n( 0. 5d0*t heta) **2
wpi =si n(t het a)
wr=1.do0
w =0. d0
do 17 i3=1,ifpl,ipl
do 16 i1=i3,i3+ipl-2,2
do 15 i2=i1,ip3,ifp2
kl=i 2
k2=k1+i f pl
tempr=sngl (wr) *f our dat a( k2) - sngl (wi ) *f our dat a( k2+1)
t empi =sngl (wr) *f our dat a( k2+1) +sngl (wi ) *f our dat a( k2)
fourdat a(k2) =f our dat a( k1) - t enpr
fourdat a(k2+1)=f ourdat a( k1+1)-tenp
fourdata(kl)=fourdat a(kl) +t enpr
fourdata( k1+1)=f our dat a( k1+1) +t enpi

15 continue
16 continue
w enp=wr

WE =W WRE - Wi Wi +wr
Wi =W *wpr Hwt enp* wpi +wi
17 continue
i fpl=ifp2
goto 2
endi f
nprev=n*nprev
18 conti nue
return
end subroutine
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I end subroutine
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! Subroutine check2: Check if N is on the form2”n
!****************************************************************************
subroutine check2(N, flag)

inplicit none

integer Nj,flag

real (8) N

N=fl oat (N )

do while (N gt.1d0)
N=N 2d0

enddo

i f(N. eqg.1d0)t hen
flag=1

el se
flag=0

endi f

end subroutine
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I end subroutine

27



IBREEEEEEEEEEE SRR EEEEEEEEEEEEEEREEEEEEEEE SRR SR EEEEEEEEREEEEREEEREREEEEEEEEEEEESS

IEEEEE SRR SRR SRR R SRR R SRR R R SRR R R RS R EREEEREEE RS EEEEEEEEEEEEEEEEEEEEEE]

I SUBROUTI NE: div_correction, correct divergence to zero (in the cds2 schene)
!****************************************************************************
subroutine div_correction(vl, v2,v3, N1, N2, N3, dx1, dx2, dx3)

inplicit none

I input

integer NI, N2, N3

real (8) vI(N1, N2, N3),v2(NL, N2, N3), v3(NL, N2, N3)

real (8) dx1,dx2,dx3

I auxiliary

real (8) p(NL*N2*N3), di vvec(N1*N2*N3), dP( N1, N2, N3)

integer mj1,j2,j3

integer j1p,j1imj2p,j2mj3p,j3m

IEEEEEEEEEEEE SR SRR EEEEEEEEEEREREEEEEEEEE SRR SR EEEEEEEEREEEREEEREREEREEEEEEEEEES

! Renove the divergence fromthe velocity field
!****************************************************************************
m=0
do j3=1,N3
do j2=1,N2
do j1=1,M1
if(jl.eq.1) then; j1lp=2; j 1meNL
el sei f(j1<Nl)then; jlp=j1+1; jlmFj1-1
el se; j ImeNL-1; j1p=1
end if
if(j2.eq.1) then; j2p=2; j 2meN2
el sei f(j2<N2)then; j2p=j2+1; j2nmF2-1
el se; j2meN2-1; j2p=1
end if
if(j3.eq.1) then; j3p=2; j 3mEN3
el sei f(j3<N3)then; j3p=j3+1; j3nmF3-1
el se; j3meEN3-1; j3p=1
end if
mEmt1
divvec(m =(v1(j1p,j2,j3)-v1(jimj2,j3))/2d0/dx1 &
+(v2(j1,j2p,j3)-v2(j1,j2m|3))/2d0/dx2 &
+(v3(j1,j2,j3p)-v3(j1,j2,j3m)/2d0/dx3
end do
end do
end do
wite(*,100) ' Starting the iterative procedure to correct the divergence
Print*, oo '
cal | mnres(p,divvec,nl, n2, n3, dx1, dx2, dx3)
Print*, oo '
m=0
do j3=1,N3
do j2=1,N2
do j1=1, M1
mEmt1
dP(j 1,j2,j3)=p(m
end do
end do
end do
m=0
do j3=1,N3
do j2=1,N2
do j1=1,M1
if(jl.eq.1)then; 1lp=2; j 1meNL
el sei f(j1<Nl)then; jlp=j1+1; jlnFjl-1
el se; j ImeNL-1; j1p=1
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end if
if(j2.eq.1)then; j2p=2; j 2meN2
el sei f(j2<N2)then; j2p=j2+1; j2mF2-1
el se; j2meEN2-1; j 2p=1
end if
if(j3.eq.1)then; j3p=2; j 3mEN3
el sei f(j 3<N3)then; j3p=j3+1; j3nmF3-1
el se; j3mEN3-1; j3p=1
end if
memtk1
v1(j1,j2,j3)=v1(j1,j2,j3)-(dP(j1p,j2,j3)-dP(j1imj2,j3))/2d0/dx1
v2(j1,j2,)3)=v2(j1,j2,j3)-(dP(j1,j2p,j3)-dP(j1,j2mj3))/2d0/dx2
v3(j1,j2,j3)=v3(j1,j2,j3)-(dP(j1,j2,j3p)-dP(j1,j2,j3nm)/2d0/dx3
end do
end do
end do
write(*,100) ' Divergence corrected succesfully
100 for mat (A60)
end subroutine
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I End Subroutine
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I SUBROUTINE: ninres, solve linear systemby ninres algorithm
!****************************************************************************
subroutine mnres(x,b,nl, n2,n3,dx1, dx2, dx3)

inmplicit none

IEEEEE SR RS SRR SRR R RS EEEREEEEEEEEEE R R RS R ERE R R R R R EEEEREEEREEEEEEEEEEEEEE]

! Variabl es
!****************************************************************************
' input

integer nl, n2, n3

real (8) dx1, dx2, dx3

real (8) b(nl*n2*n3)

I out put

real (8) x(nl*n2*n3)

I auxiliary

integer k

real (8) r(nl*n2*n3), p(nl*n2*n3), Ap(nl*n2*n3), Ar(nl*n2*n3)
integer M

real (8) alpha, beta, rArnew, rArold, maxto

IBREEEEEEEEEEE SRR EEEEEEEEREEEEEREEEEEEEEEEEEEEEEEEEEEEREREEEEEREREREREEEREESEESS

I The "matrix-vector multiplication"
!****************************************************************************
MEnl*n2*n3
x=0d0
r=b
p=r
cal | Amatvec(p, nl, n2,n3, dx1, dx2, dx3, Ap)
r Arol d=dot _product (r, Ap)
maxt ol =abs(rArol d) *1d- 12
do k=1, M
al pha=r Ar ol d/ dot _pr oduct ( Ap, Ap)
x=x+al pha*p
r=r-al pha*Ap
call Amatvec(r,nl,n2,n3, dx1, dx2, dx3, Ar)
r Arnew=dot _product (r, Ar)
bet a=r Arnew r Arol d
r Arol d=r Ar new
Ap=Ar +bet a* Ap
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p=r +bet a*p

print*, ‘lteration nr.: ', k, ' Residual: ', rArold
if (abs(rArold)<maxtol) then
exit
end if
end do

100 for mat ( A60)
end subroutine
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I End Subroutine
IEEEEEEEEEEEE SR SRR EEEEEEEEREEREREEEEEEEEE SRR SR EEEEEEREREREREREEREREEEREEEEEESESS
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I SUBROUTI NE: Amatvec, Matrix-vector-multiplication
!****************************************************************************
subroutine Amatvec(x, nl,n2,n3, dx1, dx2, dx3, b)

implicit none
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I Variabl es
!****************************************************************************
I input

integer nl,n2,n3
real (8) dx1,dx2, dx3
real (8) x(nl*n2*n3)
! out put

real (8) b(nl*n2*n3)
I auxiliary
integer i

real (8) f1,f2,f3

i nteger mnln2

IEEEEEEEEEEEE SR SRR EEEEEEREEEEEREEEEEEEEE SRR SR EEEEEEEEREEEEEEEREREREREEEREERESS

! The "matrix-vector nultiplication" b=A*x  (by using "black magic")
!****************************************************************************
nin2=nl1*n2

Men1n2*n3

f1=0. 25d0/ dx1**2

f2=0. 25d0/ dx2**2

f3=0. 25d0/ dx3**2

b(1)
b=- 2d0* (f 1+f 2+f 3) *x
I (2)
b([1:2*n1n2])=b([ 1: 2*nln2]) +f 3*x( (M 2*nln2+1): M
I (12)
b([(2*n1in2+1): M) =b([(2*n1in2+1): M) +f 3*x([ 1: (M 2*nln2)])
I (3)
b([1: (M2*nln2)])=b([1l: (M 2*nln2)])+f 3*x([(2*nln2+1): M)
I (13)
b([ (M 2*n1n2+1): M) =b([ (M 2*nln2+1): M) +f 3*x([ 1: 2*nln2])
do i=0,(n3-1)
I (4)
b([1:2*n1] +i *nln2) =b([ 1: 2*nl] +i *nln2) +f 2*x([ (n1n2- 2*n1+1): n1n2] +nln2*i)
I (10)

b([(2*n1+1):nln2] +i *nln2) =&
b([(2*n1+1): nln2] +i *nin2) +f 2*x([ 1: (nln2- 2*nl)] +i *nln2)

L (5)
b([1: (n1ln2-2*nl)]+i *nln2) =&

b([1: (nln2-2*nl1)]+i *nin2) +f 2*x([ (2*nl+1): nln2] +i *nln2)
(11)
[ (nln2-2*n1+1): nln2] +i *nln2) =&

b([(nln2-2*nl+1): nln2] +i *nln2) +f 2*x([ 1: 2*nl] +i *nln2)

!
b(

end do
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do i=0, (n2*n3-1)
I (6)
b([1:2] +i *nl) =b([1: 2] +i *nl) +f 1*x([ (nl-1): nl] +i *nl)
L (8)
b([3:nl] +i *nl)=b([3: nl] +i *nl)+f 1*x([1: (nl-2)] +i *nl)
(T
b([1:(nl-2)]+i *nl)=b([1:(nl-2)]+i*nl)+f 1*x([3: nl] +i *nl)
L (9)
b([(nl-1):n1] +i *nl)=b([ (nl-1):nl]+i *nl)+f 1*x([1: 2] +i *nl)
end do
end subroutine

IEEEEE SRR SRR SRR R SRR R SRR R R SRR R R RS R EEEEEREEEEEEEEEEEEEEEEEEEEEEEEEEEE]

I End Subroutine
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