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Open-Channel Flow Turbulence and Its Research Prospect
in the 21st Century

lehisa Nezu, M.ASCE
Professor, Dept. of Civil Engineering, Kyoto Univ., Kyoto 606-8501,
Japan. E-mail: nezu@nezu.gee.kyoto-u.ac.jp

Introduction

In 1883, Osborne Reynolds reported experiments in real viscous
pipe flows and made the seminal distinction between laminar or
turbulent flow regimes, each with quite distinct flow characteris-
tics. Early pioneering research on turbulence emanated from the
Gittingen group of Ludwig Prandtl, who developed the concept
of the boundary layer and proposed a mixing-length turbulence
closure, and from the Cambridge group of G. I. Taylor, who pro-
vided a theoretical basis for a statistical description of turbulence,
with specific results for isotropic turbulence. Important flows,
such as those in open channels, boundary layers, and pipes are,
however, turbulent shear flows, so the theory of isotropic turbu-
lence cannot be directly applied to such shear flows. The concept
of local isotropy, introduced by the Russian group of Kolmogor-
off has proved useful in understanding these flows. These theo-
retical concepts will be briefly reviewed.

Experimental research in turbulent boundary-layer and pipe
flows has been conducted in air flows since the 1950s using hot-
wire anemometry. In contrast, most basic research on open-
channel turbulence has only been conducted since the 1970s, be-
cause of difficulties in applying thermal anemometry to typical
water flows in hydraulic laboratories. Since the 1980s, laser an-
emometry has made experimental studies in open-channel turbu-
lence much less arduous (though still rather expensive), permit-
ting detailed investigations of not only basic two-dimensional
(2D) uniform flows, but also, more recently, unsteady and (3D)
channel flows. The following highlights contributions to open-
channel turbulence research, particularly those by our group at
Kyoto University.

Achievements before 1970s

Importance of Shear Stress and Eddy Vorticity

Consider idealized 2D uniform open-channel flow over a smooth
bed (located at y=0) shown in Fig. 1. The wall shear stress, 7,
and the related friction velocity U. are then found as

T, =pV % B =pl =pghS, (1)
where p=the fluid density; v the fluid molecular kinematic vis-
cosity; h the flow depth; Sy the energy (and also bed) slope;
a(x,r)= U(y)+u(x,t) the instantaneous velocity in the stream-
wise (x) direction; the position vector, x=(x,y,z); U the time-
averaged mean velocity; and w=the turbulent fluctuating velocity

about the mean (Fig. 1). As such, for real wall-bounded flows,
7, # 0, and the vorticity component w={), = —dii/dy cannot van-
ish near the wall [see Eq. (23)].

For steady laminar flows in boundary layers and pipes, u and v
are identically zero, and “exact” velocity profiles and friction
laws were derived by Blasius and others. In contrast, prediction of
mean profiles and friction in turbulent flows must confront the
closure problem, to be discussed in a later section. For turbulent
flows, the flow consists of eddies with a continuous spectrum of
scales and is characterized by 3D vorticity fluctuating in space
and time. Further, turbulence characteristics in practical shear
flows are not isotropic. The largest eddy is confined by flow
boundaries, e.g.. the flow depth, and thus has a football-like
shape, as shown in Fig. 2; whereas, the scale of the smallest
eddies is constrained by the action of viscosity, by means of
which they are “dissipated.”

Theory of Locally Isotropic Turbulence

Large eddies are continuously transformed into smaller eddies in
a cascade process, with turbulent kinetic energy being “trans-
ferred” from large to small scales. Kolmogoroff proposed a model
of locally isotropic turbulence in which an intermediate “inertial”
subrange exists between the largest and smallest eddies (Fig. 2).
In this subrange, the process of energy transfer is independent of
v and is governed solely by the rate of dissipation of turbulent
kinetic energy

s=v—'—_'>ﬂ (2)

where summation is taken over repeated indices. Smaller eddies
have a tendency to be more isotropic, as shown in Fig. 2. The
scale of the smallest turbulent eddies is given by the so-called
Kolmogoroff microscale, n= (v*/£)", constructed from & and v,
since these eddies are limited by viscous dissipation into heat.
Kolmogoroff derived the well-known —5/3 power law describing
the 1D energy spectrum, S(k,) in the inertial subrange

¥y Free Surface

Vorticity @
Uw)
Wall turbulence

Wallbed * §

Fig. 1. Definition sketch for steady 2D uniform open-channel flow
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Direct Numerical Simulation (DNS)
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