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The influence of pipe length in direct numerical simulation
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Abstract

A direct numerical simulation (DNS) of fully developed turb
lent pipe flow is performed &e ~ 170 and 500 to examine the
effect of the streamwise domain length on the convergence of
turbulence statistics. Computational domain lengths fiamy

the 10 to 20r6. Lower order statistics such as mean flow, turbu-
lence intensities, Reynolds stress, correlations ancehigtder
statistics including energy spectra, skewness and flatmess

computed. The findings show that in the near wall region (be- 1/3

low the buffer regiony™ < 30), the required pipe length for all
turbulence statistics to converge requires a minimum vsco
length of O(6300) wall units. It was also found that for con-
vergence of turbulence statistics at the outer region, pgsed
pipe length of 8® seems sufficient for the Reynolds numbers
considered in this study.

Introduction

The vast amount of data that can be obtained from DNS has en-

abled scientists to better understand turbulent flow plyasic

is becoming an important tool in turbulence research [1Tje O
of the pioneering study using DNS is that of a three-dimersadio
isotropic turbulence by Orszag & Patterson [21]. The adeanc
ment in computer technology has led to more DNS studies be-
ing carried out on turbulent wall-bounded flows, see figure 1.
With Reynolds numbers of DNS approaching nominally sim-
ilar Reynolds numbers as experiments, it is therefore plessi
to compare turbulence statistics between them. Howevey, ea
hot-wire experiments have shown that long streamwise -struc
tures exist in wall-bounded turbulent flows [9, 24], and réce
experiments by Kim & Adrian [16] have shown from premul-
tiplied spectra that these structures were longer thariqusly
appreciated. Balakumar & Adrian [4] termed these strusture
as “large-scale motions” (LSMs) as motions with wavelength
of up to 2-3, whered is the half channel height, pipe ra-
dius or boundary later thickness and “very-large-scaldanet
(termed VLSMs with wavelength of more tha®)3 A recent
study by Hutchins & Marusic [11] reported long meandering
features exceeding &0n the logarithmic region of turbulent
boundary layers, and termed them as “superstructures’erOth
reports by Montyet al. [19, 18] showed that these long me-
andering features in pipe and channel are up ®if9ength.
Therefore, it is important to better understand how stafist
are influenced by how the boundary conditions interact with
the largest scale motion in DNS, since its impractical toehav
computational domain of infinite length. In this paper, wdl wi
investigate the length of domain required in order to obtaim-
verged statistics and the effects of computational donsaigth

on turbulence statistics. The Reynolds numbers choselhifor t
study areRe ~ 170 and 500.

Discretisation

The numerical scheme employed in this study is detailed in
Blackburn & Sherwin [5]. The scheme uses a spectral ele-
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Figure 1. Previous wall-bounded DNS studies for pipe and
channel.

ment discretisation in the meridional semi-plane with &10
order Gauss-Lobatto-Legendre nodal-based expansiorcin ea
element and a Fourier discretisation in the azimuthal tivac
The axial, radial and azimuthal directions are denoted, as
and0B andNx, Ny andNg are the number of elements. The axial,
radial and azimuthal velocities are denotedUyy U, andUg
with the corresponding fluctuating componentuag andug
respectively. A periodic boundary condition is specifiedtia
axial direction. The details of the computational domaiors f
both Reynolds numbers are summarized in table 1, here the ‘+'
symbol denotes scaling with viscous unitak, whereu, is the
friction velocity andnu s the viscosity. The spatial resolutions



Re 170
Pipe Length () [T, 210, 41®, 81, 1210, 20r0)
Symbol F-, 0,4+ .0 ,v .,x]
Ny [8, 16, 32, 64, 96, 160]
Nr 8
Ng 128
AxT 6.7
Art [0.5, 3.6]
AreT (at wall) 8.4

500
[T, 21, 40, 81, 12115, 20rd)]
[ O.+ .0 ,v.x]
[23, 46, 92, 194, 276, 460]

16

384

6.8

[0.07, 5.5]
8.2

Table 1: Summary of numerical simulation parameters.
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Figure 2: Mean Velocity profiles foRe ~ 170 and 500 for v
different pipe lengths. Symbols are as in table 1. 11 %x
e
for different domains are kept constant for each Reynolas-nu ’
ber. This ensures that effects on turbulence statisticarisly 10° 10t 102

due to domain length variation and is not influenced by spatia
resolution issues.

Results

The mean velocity profiles for both Reynolds numbers are
shown in figure 2. Here we show the velocity profiles for all
pipe lengths as a function of normalized wall-normal dilagt
wherer ™ = 0 is the wall. It can be seen that the only profile that
does not converge is that Bfe ~ 170 at pipe length of®.

In figure 3, the turbulence intensities for different pipedths
are shown. FoRe = 170, pipe lengths oftd and 2w fail to
converge. The huge increase in the peak intensity'(at 15,
shown as dotted line) for® is mainly due to artificial large
structures in the flow as will be discussed later. Rer= 500,

a minimum pipe length of @ seems sufficient for statistics to

converge. We have plotted the Reynolds str@f in figure

4. The results show that the profile R =~ 170 atLy = T©
fails to converge. Even though the order of statistics fdhbo
Reynolds stress and turbulence intensity are the sameathe r
dial velocity components are less affected by pipe length an
hence the finding is similar to that of the mean velocity pro-
file. Next we show the cross-correlation between axial flatstu
ing wall shear stress, and axial fluctuating velocity. Figure

5 show the contours of correlation coefficient as a functibn o
r* and axial separation distanae™ for different pipe lengths,
outermost contour begins at 0.05 with increment of 0.25.-Con
tour lines for,Ly = 1, 210 for Rg ~ 170 and_x = 11®, 211 for

Re = 500, that do not close, suggest ‘contamination’ of struc-
tures in the flow (in an average sense) owing to the perigdicit

r+

Figure 3: Streamwise turbulence intensity for differerpepi
length. (a)Re =~ 170, (b)Re ~ 500. The dotted lines are
atrt = 15. Symbols are as in table 1.
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Figure 4. Reynolds stressl’_u;+ for different pipe lengths at
Re =~ 170 and 500. Symbols are as in table 1.

in the streamwise direction. This is due to having pipe lbagt
that are too short to accommodate the longest structurdgein t
flow field. This translates to having infinitely long structar
constantly having an influence on the wall shear stress. utdvo
seem that these ‘infinite long structures’ contribute tahigier
peak turbulence intensity as seen in figure 3. In figure 6, the p
multipled one-dimensional energy spectra is plotted asa-fu
tion of r™ and streamwise wavelengif. We have chosen the
four longest pipe lengthd { = 41d(dot-dashed line- - — - =),
8ro(dotted line---), 12rd(dashed-line——) & 201d(solid line
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Figure 5: Cross correlation @f andu for different pipe lengths
at (a)Re =~ 170 and (b)Re = 500. Symbols are as in table 1.
Contour lines begin at 0.05 (outermost) with increment a60.

)) to illustrate the effect of insufficient pipe length on
the energy spectra. These pipe lengths are chosen because ea
lier computed lower order statistics show a minimum lendth o
416 for convergence. Results for both Reynolds numbers seem
to suggest a pipe length of® for statistics to achieve conver-
gence. The skewness for axial fluctuating veloaity the near-

wall region is shown in figure 7. It is apparentRé& ~ 170,
results do not converge for pipe lengths less thah #Vhereas

the results foRg ~~ 500 seems to show convergence for all pipe
lengths in the near-wall. Similar results are found for &

for axial fluctuating velocityu as shown in figure 8.
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Figure 6: Pre-multiplied energy spectra for streamwiseael
ity u for (a) Re ~ 170 and (b)Re& = 500 for all wall normal
locationsr ™. Contour lines are from 0.35 (outermost) with in-
crement of 0.4. The symbols used amd4dot-dashed line
), 8rd (dotted ling-------- ), 121 (dashed-line——)
and 20W® (solid line ). The (+) symbol is ar ™ ~ 15 and
Ay~ 1000.
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Figure 7: SkewnesS(u) = @/@3/2 for different pipe lengths
at (a)Rg ~ 170 and (bReg =~ 500. Symbols are as in table 1.
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Figure 8: Flatnes& (u) = u*/u2” for different pipe lengths at
(@) Re =~ 170 and (bRe& =~ 500. Symbols are as in table 1.

The influence of varying the computational pipe length on tur
bulence statistics were investigated. The results are suinead

in table 2. Findings show that different statistics requiiféer-

ent pipe lengths for convergence. To obtain convergedteesul
in the near-wall region, a pipe length scaled in viscoussumiit
Ly ~ O(6300 seems sufficient. For most statistics to achieve
convergence, a recommended pipe lengthp& 8md seems
sufficient.
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Min lengt(d)

Min length (™)
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T
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T
an
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T
T

1000 1500
2100 3100
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2100 1500
2100 1500

Table 2: Table of summary for estimated minimum computatipipe length for convergence of different turbulenceistiats for both
Re =~ 170 and 500. The second column displays minimum length indef pipe radius®) and the last column is in terms of viscous
length scale ).

(2]

(3]

[4]

[5]

(6]

[7]

(8]

[9]

[10]

[11]

[12]

of Fluids Engineering126, 2004, 835 — 843.

Abe, H., Kawamura, H. and Matsuo, Y., Direct numeri-
cal simulation of a fully developed turbulent channel flow
with respect to the Reynolds number dependedaetnal

of Fluids Engineering123 2001, 382 — 393.

Antonia, R., Teitel, M., Kim, J. and Browne, L. W. B.,
Low-Reynolds-number effects in a fully developed turbu-
lent channel flowJournal of Fluid Mechanics236, 1992,
579 — 605.

Balakumar, B. J. and Adrain, R. J., Large-and very-large
scale motions in channel and boundary-lyer flomgjl.
Trans. R. Soc. A365 2007, 665-681.

Blackburn, H. M. and Sherwin, S. J., Formulation of
a Galerkin spectral element-Fourier method for thre-
dimensional incompressible flows in cylindrical geome-
tries,Journal of Computational Physic$97, 2004, 759 —
778.

del Alamo, J. C. and Jiménez, J., Spectra of the very large
anisotropic scales in turbulent channd®yysics of Flu-
ids, 15, 2003, L41 — L44.

del Alamo, J. C., Jiménez, J., Zandonade, P. and Moser,
R. D., Scaling of the energy spectra of turbulent channels,
Journal of Fluid Mechanics500, 2004, 135 — 144.

Eggels, J. G. M., Unger, F., Weiss, M. H., Westerweel,
J., Adrian, R. J., Friedrich, R. and Nieuwstadt, F. T. M.,
Fully developed turbulent pipe flow: a comparison be-
tween direct numerical simulation and experimeiat,r-
nal of Fluid Mechanics.268 1994, 175 — 2009.

Favre, A. J., Gaviglio, J. J. and Dumas, R. J., Space-time
double correlations and spectra in a turbulent boundary
layer,Journal of Fluid Mechanics2, 1957, 313-342.

Hoyas, S. and Jiménez, J., Scaling of the velocity @luct
ations in turbulent channels up to e 2003,Physics of
Fluids, 18, 2006, (011702).

Hutchins, N. and Marusic, 1., Evidence of very long me-
andering features in the logarithmic region of turbulent
boundary layersjournal of Fluid Mechanics579, 2007,
1-28.

lwamoto, K., Kasagi, N. and Suzuki, VY., Direct numeri-
cal simulation of turbulent channel flow at Re 2320, in
Proc. 6th Symp. Smart Control of Turbulen2605, 327—
333, 327-333.

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

Iwamoto, K., Suzuki, Y. and Kasagi, N., Reynolds num-
ber effect on wall turbulence: toward effective feedback
control,Int. J. Heat Fluid Flow 23, 2002, 678 — 689.

Jiménez, J. and Pinelli, A., Autonomous cycle of near-
wall turbulence Journal of Fluid Mechanics.389, 1999,
335 - 359.

Kim, J., Moin, P. and Moser, R., Turbulence statistits i
fully developed channel flow at low Reynolds number,
Journal of Fluid Mechanics177, 1987, 133 — 166.

Kim, K. C. and Adrian, R. J., Very large-scale motion in
the outer layerPhysics of Fluids.11(2), 1999, 417-422.

Moin, P. and Mahesh, K., Direct numerical simlation: A
tool in turbulence researcnnu. Rev. Fluid Mech30,
1998, 539 - 578.

Monty, J. P., Hutchins, N., Ng, H. C. H., Marusic, |. and
Chong, M. S., A comparison of turblent pipe, channel and
boundary layer flowsJournal of Fluid Mechanics.632,
2009, 431 — 442.

Monty, J. P., Stewart, J. A., Williams, R. C. and Chong,
M. S., Large-scale features in turbulent pipe and channel
flows, Journal of Fluid Mechanics589 2007, 147 — 156.

Moser, R. D., Kim, J. and Mansour, N. N., Direct numer-
ical simulation of turbulent channel flow up to Re 590,
Physics of Fluids11,4 1999, 943 — 945.

Orszag, S. A. and Patterson, G. S., Numerical simufatio
of three-dimensional homogeneous isotropic turbulence,
Physical Review Letter&8, 1972, 76 — 79.

Satake, S., Kunugi, T. and Himeno, R., High Reynolds
number computation for turbulent heat transfer in a pipe
flow, in Lecture Notes in Computer Scienc8pringer
Berlin / Heidelberg, 2000, 514 — 523, 514 — 523.

Toh, S. and Itano, T., Interaction between a largeescal
structure and near-wall structures in channel fldoyrnal
of Fluid Mechanics.524, 2005, 249 — 262.

Townsend, A. A.The Structure of Turbulent Shear Flow
Cambridge University Press, 1956.

Wagner, C., Huttl, T. J. and Friedrich, R., Low-Reyus!
number effects derived from direct numerical simulations
of turbulent pipe flowComputer and fluids30, 2001, 581
—590.

Wu, X. and Main, P., A direct numerical simulation study
on the mean velocity characteristics in turbulent pipe flow,
Journal of Fluid Mechanics608 2008, 81 — 112.



	Author Index
	Paper List
	Conference Programme



