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Ficure 25. Flow structures visualized by fluid markers: (a) particles are generated along a line
parallel to the z-axis at y* & 10 (oblique top view); (b) particles are initially distributed uniformly
on a plane parallel to the wall at y* x 10 (top view); (¢) particles are generated along a line parallel
to the y-axis (side view).

6. Summary and discussion

A direct numerical simulation of a turbulent channel flow was carried out with
192 x 129 x 160 mesh points at a Reynolds number of 3300, based on the centreline
velocity and channel half-width. A fully spectral method — Fourier series in the homo-
geneous directions and Chebychev polynomial expansion in the normal direction —
is used for the spatial derivatives in conjunction with a second-order time-
advancement scheme.

The computed results are compared with experimental results at comparably
low Reynolds numbers (most of which were obtained from the oil channel at
the Max-Planck-Institut fiir Stromungsforschung of Gottingen, West Germany).
Although the general characteristics of the computed turbulence statistics are in
good agreement with the experimental results, detailed comparison in the wall
region reveals consistent discrepancies. In particular, the computed Reynolds stresses
— both the normal and the shear stresses — are consistently lower than the measured
values, while the computed vorticity fluctuations at the wall are higher than the
experimental values. The same conclusion was drawn from the other two recent
numerical simulations (Moser & Moin 1984 ; Spalart 1985).

One source of the discrepancy might be related to the measurement of the
wall-shear velocity »,. When the mean-velocity profiles are renormalized with the
corrected (experimental) u,, excellent agreement among the experimental results and
the computed results is obtained. When the turbulence intensities and the Reynolds
shear stress are similarly rescaled, the overall agreement is better, but the computed
turbulence intensities, except the streamwise fluctuations, remain lower than the
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measured values. Whether or not the remaining differences are due to the cross-
contamination mentioned by Perry ef al. (1985) remains to be resolved. Furthermore,
new measurements by J. H. Hartonidis & A. V. Johansson (1985, private communi-
cation) indicate that measurements near the wall might be significantly affected by
the heat-conduction problem experienced by hot-film probes used to measure the
turbulence quantities in the proximity of the wall.

Another source of the discrepancy may be the test section of the oil channel used
in the aforementioned experiments. The test section is 22 cm wide and 7 m long, and
is filled with oil to a depth of 85 ¢m, which gives an aspect ratio of 3.9 (depth to width),
and the length of the test section is 32 channel widths. This aspect ratio is well below
the recommended minimum value of 7 to be representative of ‘two-dimensional’ flow
(Dean 1978). In addition, it is not possible in general that a fully developed state can
be reached over such a short length (Comte-Bellot 1963 ; Hussain & Reynolds 1975).
Dean & Bradshaw (1976) pointed out that the mean velocity and turbulence
intensities near the centreline overshoot their fully developed values in the developing
section. On the other hand, experimental results of Comte-Bellot indicated that the
turbulence intensities increased monotonically as the flow develops downstream
without any overshoot. Eckelmann (1974) reported that the mean-velocity profiles
were independent of streamwise locations, and the variation of the higher-order
turbulence statistics (such as skewness and flatness factors of u and v) upstream of
the measuring station was within his measurement accuracy ; and he concluded that
the flow was fully developed.

Although the disagreement between the computed and measured values does not
seem to be serious — especially because most disagreements are confined to the
immediate vicinity of the wall — it is important to resolve the differences if the use
of the computer-generated databases or experimental data in studying turbulence
structures and in developing improved turbulence models is to be continued. We hope
more thorough investigations will be carried out in the near future to clarify the
discrepancies discussed here.

We are grateful to Drs R. S. Rogallo and R. V. Westphal for helpful comments on
a draft of this manuscript, and to Dr N. Mansour for numerous discussions we had
during the course of this work.

REFERENCES

ALrreDSSON, P. H. & JoHANSSON, A. V. 1984 On the detection of turbulence-generating events.
J. Fluid Mech. 139, 325.

Barrow, R. 8. & JonnstoN, J. P. 1985 Structure of turbulent boundary layers on a concave
surface. Rep. MD-47, Department of Mechanical Engineering, Stanford University, Stanford,
California, USA.

Brobpkey, R. 8., WaLLACE, J. M. & EckELMANN, H. 1974 Some properties of truncated turbu-
lence signals in bounded shear flows. J. Fluid Mech. 63, 209.

CrarMaN, D. R. & KunN, G. D. 1984 Computational models of the viscous sublayer and limiting
behaviour of turbulence near a wall. NEAR TR 334, Nielsen Engineering & Research, Inc.,
Mountain View, California, USA.

CLARK, J. A. 1968 A study of incompressible turbulent boundary layers in channel flow. Trans.
ASME D: J. Basic Engng 90, 455.

ComTE-BELLOT, G. 1963 Contribution a ’étude de la turbulence de conduite. Doctoral thesis,
University of Grenoble, France.

DEean, R. B. 1978 Reynolds number dependence of skin friction and other bulk flow variables in
two-dimensional rectangular duct flow. Trans. ASME 1: J. Fluids Engng 100, 215.



Turbulence in channel flow at low Reynolds number 165

DEan, R. B. & BrRapssaw, P. 1976 Measurements of interacting turbulent shear layers in a duct.
J. Fluid Mech. 78, 641.

DearpoORFF, J. W. 1970 A numerical study of three-dimensional turbulent channel flow at large
Reynolds number. J. Fluid Mech. 41, 453.

Eckermany, H. 1970 Mitteilungen aus dem MPI fiir Stromungsforschung und der AV A, Gottingen,
no. 48.

EckeLMANN, H. 1974 The structure of the viscous sublayer and the adjacent wall region in a
turbulent channel flow. J. Fluid Mech. 65, 439.

FavLco, R. E. 1980 The production of turbulence near a wall. A14A4 Paper 80-1356.

Finnicum, D. S. & HanraTTy, T. J. 1985 Turbulent normal velocity fluctuations close to a wall.
Phys. Fluids 28, 1654.

GoTTLIEB, D. & Orszac, 8. A. 1977 Numerical Analysis of Spectral Methods: Theory and Applica-
tions. CBMS-NSF, Society for Industrial and Applied Mathematics. Philadelphia, PA, USA.

Gurta, A. K. & Karran, R. E. 1972 Statistical characteristics of Reynolds stress in a turbulent
boundary layer. Phys. Fluids 15, 981.

Haxsavic, K. & Launper, B. E. 1976 Contribution towards a Reynolds-stress closure for
low-Reynolds-number turbulence. J. Fluid Mech. 74, 593.

HanraTry, T. J., CHORN, L. G. & HarziavRaminis, D. T. 1977 Turbulent fluctuations in the
viscous wall region for Newtonian and drag reducing fluids. Phys. Fluids 20, S112.

Hinzg, J. 0. 1975 Turbulence, 2nd edn, p. 621. McGraw-Hill.

Hussain, A. K. M. F. & ReywoLps, W.C. 1975 Measurements in fully developed turbulent
channel flow. Trans. ASME 1: J. Fluids Engng 97, 568.

JoHANSSON, A. V. & ALFREDSsON, P. H. 1982 On the structure of turbulent channel flow. J. Fluid
Mech. 122, 295.

Jonansson, A. V. & ALFrepsson, P. H. 1983 Effects of imperfect spatial resolution on measure-
ment of wall-bounded turbulent shear flows. J. Fluid Mech. 137, 409.

KasTrINAKIS, E. G. & EcKkELMANN, H. 1983 Measurement of streamwise vorticity fluctuations in
a turbulent channel flow. J. Fluid Mech. 137, 165.

Kim, J. 1983 On the structure of wall-bounded turbulent flows. Phys. Fluids 26, 2088.

Kim, J. 1985 Turbulence structures associated with the bursting event. Phys. Fluids 28, 52.

Kim, J. & Moin, P. 1985 The structure of the vorticity field in turbulent channel flow. Part 2.
Study of ensemble-averaged fields. J. Fluid Mech. 162, 339.

Kim, H. T., KLiNE, S. J. & REy~oLps, W. C. 1971 The production of turbulence near a smooth
wall in a turbulent boundary layer. J. Fluid Mech. 50, 133.

KreprLIN, H. & EcKELMANN, H. 1979 Behavior of the three fluctuating velocity components in
the wall region of a turbulent channel flow. Phys. Fluids 22, 1233.

Lanczos, C. 1956 Applied Analysis. Prentice-Hall.

LAUFER, J. 1951 Investigation of turbulent flow in a two-dimensional channel. NACA Rep.
1053.

LEONARD, A. & WRaAY, A, A. 1982 A numerical method for the simulation of three-dimensional
flow in a pipe. Proc. 8th Intl Conf. on Numerical Methods in Fluid Dynamics, Aachen, Germany,
28 June-2 July, 1982, pp. 335-342. Springer.

Moin, P. 1984 Probing turbulence via large eddy simulation. ATAA Paper 84-0174.

Moin, P. & Kim, J. 1980 On the numerical solution of time-dependent viscous incompressible fluid
flows involving solid boundaries. J. Comp. Phys. 35, 381.

Moin, P. & Kim, J. 1982 Numerical investigation of turbulent channel flow. J. Fluid Mech. 118,
341.

Moin, P. & Kim, J. 1985 The structure of the vorticity field in turbulent channel flow. Part 1.
Analysis of instantaneous fields and statistical correlations. J. Fluid Mech. 155, 441.

MosER, R. D. & Moin, P. 1984 Direct numerical simulation of curved turbulent channel flow.
NASA TM 85974. Also, Rep. TF-20, Department of Mechanical Engineering, Stanford
University, Stanford, California, USA.

NIKURADSE, J. 1929 Untersuchungen iiber die Stromungen des Wassers in konvergenten und
divergenten Kandlen. Forsch. Geb. Ing. Wes., Heft 289.



166 J. Kim, P. Moin and R. Moser

Ons1, M. 1967 Statistical theory of wall turbulence. Phys. Fluids Suppl. 10, S153.

ORrszaG, S. A. & PaTEra, A. T. 1981 Subcritical transition to turbulence in planar shear flows.
Proc. Symp. of The Mathematics Research Center, University of Wisconsin-Madison. 13-15
October 1980 (ed. R. E. Meyer), pp. 127-146. Academic.

Perry, A. E., Lim, K. L. & HenBesT, S. M. 1985 A spectral analysis of smooth flat-plate
boundary layers. Proc. 5th Symp. on Turbulent Shear Flows, 7-9 August 1985, Cornell University.
Ithaca, NY, pp. 9.29-9.34.

REeicaarpT, H. 1938 Messungen turbulenter Schwankungen. Naturwissenschaften, Jahrg. 26, Heft
24/25, p. 404.

RoaaLro, R. S. & Moin, P. 1984 Numerical simulation of turbulent flows. Ann. Rev. Fluid Mech.
16, 99.

Sasor, J. & ComTE-BELLOT, G. 1976 Intermittency of coherent structures in the core region of
fully developed turbulent pipe flow. J. Fluid Mech. 74, 767.

Scrumany, U. 1973 Ein Verfahren zur direkten numerischen Simulation turbulenter Strémungen
in Platten- und Ringspaltkanilen und iiber seine Anwendung zur Untersuchung von Turbu-
lenzmodellen. Dissertation, University of Karlsruhe (NASA Tech. Translation, NASA4
TTF 15391).

SmitH, C. R. & ScawaRrTz, S. P. 1983 Observation of streamwise rotation in the near-wall region
of a turbulent boundary layer. Phys. Fluids 26, 641.

SmitH, C. R. & METZLER, S. P. 1983 The characteristics of low-speed streaks in the near-wall
region of a turbulent boundary layer. J. Fluid Mech. 129, 27.

SpaLarT, P. R. 1985 Numerical simulations of boundary layers. NASA TM 88220-88222.

TeEnNekES, H. & Lumiey, J. L. 1972 A First Course in Turbulence. MIT Press.

WaLLACE, J. M., EcKELMANN, H. & BRODKEY, R. 8. 1972 The wall region in turbulent shear flow.
J. Fluid Mech. 54, 39.

WiLLMarTH, W. W. 1975 Pressure fluctuations beneath turbulent boundary layers. Ann. Rer.
Fluid Mech. 5, 13.

WiLLMarRTH, W. W. & Lu, S. 8. 1972 Structure of the Reynolds stress near the wall. J. Fluid Mech.
55, 65.



