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Length Scales and the Energy Balance for Turbulence

Near a Free Surface

R. A. Handler,* T. F. Swean Jr.,T R. L. Leighton,{ and J. D. Swearingen}
Naval Research Laboratory, Washington, D.C. 20375

The structure of turbulence near a free surface is examined by using results obtained from a direct simulation
of flow between a no-slip wall and a shear free boundary, which serves as a model of a waveless free surface.
An energy balance analysis shows that the pressure-strain term is the dominant producing term for the spanwise
component of the turbulent kinetic energy. In addition, the dissipation rates for the horizontal components of
the turbulence are reduced near the free surface, whereas the dissipation rate for the vertical component remains
approximately constant. Two-point correlations, energy spectra, and length scales reveal important free surface
induced effects. The length scales near the free surface are compared with the scales near the centerline of
normal turbulent channel flow. This comparison reveals an increase by a factor of three in the streamwise length
scales associated with the spanwise velocity fluctuations and an increase by a factor of two in the spanwise length
scales for the streamwise velocity fluctuations. The length scales normal to the free surface are decreased for all
velocity components. This indicates a more pancake-like eddy structure near the free surface compared with the
structure near the centerline of a normal channel. The energy spectra show qualitative agreement with the
Hunt-Graham model, though higher resolution calculations will be required to make more quantitative compari-
sons. The streaky structure in free surface bounded turbulent channel flow is noticeably more persistent than in
normal turbulent channel flow. This is principally due to the attachment of streamwise oriented wall eddies to

the free surface.

I. Introduction

URBULENCE near a free surface differs fundamentally

from its well studied counterpart, turbulence near a rigid
no-slip boundary. Near a no-slip wall, the fluid motions are
constrained by the boundary, and the turbulence production is
large due to the existence of the mean shear. The simultaneous
presence of both effects near a solid wall makes it difficult to
determine the independent effects of each on the structure of
turbulence. The wall places an inherent limit on the size of the
turbulent eddies, and the mean shear may act to intensify the
streamwise oriented eddies that are known to persist near the
wall. At a free surface, however, turbulence production can be
neglected because of the vanishing mean shear. As a conse-
quence, the turbulence can only be affected by the constraint
on vertical fluid motions imposed by the free surface. Note,
however, that unlike flow near a no-slip boundary, the wall
normal vorticity at the free surface may be nonzero. This
result allows for the possibility that vortical structures may
reconnect or attach themselves to the free surface.

In an effort to determine the structure of turbulence in the
absence of mean shear, Uzkan and Reynolds' (UR) passed
grid generated homogeneous turbulence over a wall that
moved at the same streamwise velocity as the mean flow. They
found that the streamwise turbulence intensity near the
boundary did not peak as it does near a solid wall but instead
decreased monotonically from its freestream value to zero at
the boundary. Later, Thomas and Hancock? (TH) performed
a similar experiment at a Reynolds number about 20 times
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greater than that of UR and found that the intensity of the
streamwise component increases as the boundary is ap-
proached. The discrepancy between these two results was ex-
plained satisfactorily by Hunt and Graham?® (HG) who pro-
posed a two-layer model for the interaction. At high turbulent
Reynolds numbers there exists a thin viscous layer near the
wall embedded in a larger source layer. The source layer
should be roughly the size of the integral length scale of the
freestream turbulence and exists essentially because of the no
mass flux condition at the boundary. Their theory predicts a
redistribution of turbulent energy in the source layer from the
vertical component of velocity to the streamwise and spanwise
components. The UR result was easily explained because, at
the low Reynolds number of their experiment, the viscous
layer dominated the region near the surface, and the turbu-
lence was accordingly damped. At the higher Reynolds num-
ber of the TH experiment, the source layer dominated, and the
redistribution of the turbulence was confirmed according to
the HG model. Many of these results were later confirmed by
the large eddy simulations of Biringen and Reynolds.* Re-
cently, Brumley and Jirka® (BJ) presented results for experi-
ments in which homogeneous turbulence interacted with a free
surface. Their results agreed reasonably well with a modified
form of the HG model.

The simulations performed here were designed to represent
as closely as possible the physics of free surface/turbulence
interaction in which the effects of surface waves can be safely
neglected. For this purpose, fully developed turbulence be-
tween a solid wall and a free surface is simulated. The physical
processes represented by these simulations differ in some im-
portant respects from processes involved in the physical exper-
iments noted earlier. First, in these simulations, no viscous
layer can develop since u;, and u;, the fluctuating streamwise
and spanwise velocity components, are not forced to zero as in
the UR and TH experiments. Secondly, the turbulence imping-
ing on the free surface is not isotropic. The no-slip wall is
acting as a source of anisotropic turbulence, which is then
convected toward the free surface. These simulations also
allow for an examination of the influence of the free surface
on the near wall turbulent structure, which will be discussed in
detail in Sec. VI.
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II. Direct Numerical Simulation

The incompressible, three-dimensional Navier-Stokes equa-
tions were solved for initial and boundary conditions approxi-
mating a turbulent open-channel flow at a Reynolds number
Rey, based on the channel height ~ and the mean velocity at the
free surface U; of 2340. The notations x;, x,, and x; will be
used to denote the streamwise, wall-normal, and spanwise
coordinates, respectively. The governing equations were recast
in the manner suggested by Orszag and Patera® and imple-
mented by Kim et al.” The final equation system, in which the
pressure has been eliminated, consists of a fourth-order equa-
tion for the vertical velocity U,

av? v“) (aZ az>
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and a second-order equation for the vertical vorticity ,:

a v? a a
<at Re,,>92 o, U x® o, (U x M), @
where all variables are made nondimensional by # and the
initial value of U,. Here, the instantaneous velocity vector is
given by U, and the instantaneous vorticity vector is defined
by € = (Vv X U). Following the solution of Egs. 1 and 2, the
streamwise and spanwise velocity components U; and U; are
recovered from the incompressibility condition.

The equations of motion are solved in Fourier-Chebyshev
space, where Fourier modes are employed in the horizontal
plane and Chebyshev modes in the wall-normal direction. The
calculations were performed on a 64 X 65 X 48 grid in x;, X3,
and X3, respectively. With the geometry scaled by the channel
height, the streamwise, vertical, and spanwise dimensions of
the channel are 47, 1, and 3#/2, respectively. In terms of the
viscous parameters consisting of the friction velocity «., and
the kinematic viscosity » = u/p, where u is the viscosity and p
is the density, the domain is 1684¢* X 134¢* x 6320*, where
¢* = y/u .. In these simulations the driving pressure gradient is
held - constant so that the relevant Reynolds number is

* = u*h/v. In the free surface turbulence calculation, R*
achieves a steady-state value of 134. To facilitate substantive
comparisons with the wall-bounded turbulence problem, a
companion calculation for a closed-channel flow (i.e., a do-
main bounded by two no-slip walls), is used. For reasons of
economy, this calculation was performed at a lower Reynolds
number, R* = 125, and at half the wall-normal resolution of
the free surface simulation.

The boundary conditions are periodic on all dependent vari-
ables in the streamwise and spanwise directions. No-slip con-
ditions are used at the bottom of the channel, and the free
surface is approximated by using shear free boundary condi-
tions. The shear free condition is an approximation to the
exact free surface condition that is valid at low Froude number
for a surface free of any contaminants. It can be estimated a
posteriori, by using the parameters of our simulation and the
experimental results of Komori et al.,® that the surface deflec-
tions are expected to be approximately 1.6 X 10~ *m (0.004k)
and are clearly negligible. The boundary conditions at the
solid wall (x, = 0) and the free surface (x, = 1) are given explic-
itly by

U1=U2=U3=0; X2=0 (3)
and

aU, aU. «
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A simulation with identical boundary conditions was recently
performed by Lam and Banerjee,” who used it to investigate
near-wall streak formation.

The computer code used in the simulation was designed and
developed to run on the Cray X-MP/24 at the Naval Research
Laboratory. Approximately 103 s per time step per grid point
were required for the simulation. Once the turbulence has
achieved a statistically steady state, independent realizations
of the instantaneous velocity field are saved during a time
interval of approximately 4000z*, where t* = »/u?. Statistics
are obtained by averaging in the streamwise and spanwise
directions as well as over all realizations.

III. Turbulent Energy Balance and Other Statistics
Near the Free Surface

The unique features of turbulence near a free surface are
revealed by examining the profiles of the turbulent kinetic
energy, dissipation rate, and other basic statistics of the tur-
bulence. The mean velocity U+ = U/u, for open-channel flow
is shown in Fig.1 along with the wall laws U~* =x'
and U* = 2.56wx;,” + 5.5, where x;5 = x,/0*. A best fit of the
present open-channel simulation data for the logarithmic re-
gion is Ut =2.4 fux," + 5.6. The slope of the logarithmic
region in open-channel flow is evidently smaller than for a
closed channel but this smaller slope is consistent with the
value of 2.43 found by Nezu and Rodi!® for open-channel
flows over the Reynolds number range 439 < R* < 6139. The
intercept is near the upper bound (5.29 = 0.47) found in their
experiments and is probably a low Reynolds number effect.!!
The notable difference between the velocity data in Fig. 1 and
closed-channel behavior is the absence of a clearly defined
wake region in the outer flow. In open-channel turbulence the
log law is maintained until very close to the free surface where
the velocity adjusts to the vanishing gradient conditions.

In Fig. 2 the results for the normalized turbulence kinetic
energy k = Y2 (u? + uf + uf) and the Reynolds shear stress
u U, are shown. According to the boundary conditions given
by Egs. (3) and (4) the velocity components and pressure can
be expanded about the free surface as

uy = a; + o x2 + O(x))
Uy = b2X2 + d2x23 + O(xf)
)
Uy = az + c3x} + O(x3)
p=a, + x5 + 0(x3)

where x; is defined with the origin at the free surface. Use of
these expansions and averaging results in k = Y2(a + af)
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Fig. 1 Mean velocity profiles. Open-channel simulation, ——; wall
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Fig. 2 Turbulence kinetic energy and Reynolds stress profiles.
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periments of Komori et al.,8 v, u2/u2; 0, u2/u?; and o, u2/u.

+ O(x$) near the free surface and 8k /dx, = 0 at the surface,
which is evident in Fig. 2.

In Fig. 3, the three components of &k from the simulation are
compared with the experimental results of Komori et al.,?
which were obtained at Re;,, = 3100. There is qualitative agree-
ment between the experimental and numerical results. Both
exhibit an increase in the horizontal components of the turbu-
lence as the free surface is approached, and the increase is
greatest for the spanwise component. The computed local
minimum of the spanwise component occurs farther from the
free surface compared with the streamwise component, which
is also consistent with the experiments. This behavior is more
easily recognizable in Fig. 4, which contains the distributions
of the three components of the turbulence kinetic energy made
nondimensional by the local value of k. The results from the
closed-channel calculation are also shown in Fig. 4 for pur-
poses of comparison. For the closed-channel calculation,
X, = 1 corresponds to the channel centerline. It is evident that
near the free surface (x,>0.7) most of the energy from the
vertical component is transferred to the spanwise component

with only a small increase in the horizontal component. This
result contrasts with the behavior of the various components
of turbulence energy in the closed-channel simulation, where
the relative interchange of energy appears to be primarily from
the streamwise component of velocity to the vertical compo-
nent in the region near the channel centerline. To understand
this behavior, the energy and dissipation rate budgets have
been examined.

For the flow under consideration, which is statistically
steady and homogeneous in the spanwise and streamwise di-
rections, the transport equations for the one-point velocity
correlations are

Du;u;
‘ﬁ :0=P,‘j +H,'j+ T,'j +‘I’,‘j+Dij- €ij (6)
The symbols on the right-hand side of Eq. (6) denote the rates
of production, pressure diffusion, turbulent transport, pres-
sure strain, viscous diffusion, and dissipation, respectively.
The explicit representations of these terms are
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The equation obtained by taking half the trace of Eq. (6) is the
equation for the turbulence kinetic energy k. The equation for
the trace of the dissipation rate tensor, € = (¢1; + € + €13)/2,
is given by Hanjali¢ and Launder!? as

Be gy, (BT) T, (W T

Dt Ix; 0x,/) Oxi 0x; 0xy/ Oxy
du; 93U du; du; duy
-2y — ——— 20— — —
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Tl ~2<u = > ®)
axj; 0xy 0,

The first four terms are production terms (P! to P%), and
terms five through eight are pressure transport (IL,), turbulent
transport (7,), viscous diffusion (D,), and dissipation (Y),
respectively.

The terms in the budget equations for the three normal
stresses and the dissipation rate are shown in Figs. 5-8. All
terms in Eqs. (7) and (8) have been normalized by u*/», and
the budgets are displayed only for the upper half of the chan-
nel nearest the free surface. Figure 5 shows that away from the
free surface all terms in the D? budget have the same relative
importance except D,;, the viscous diffusion. (Note that
II;; = 33 = 0, because the flow is homogeneous in the hori-
zontal plane.) As the free surface is approached, the produc-
tion rate vanishes with the mean velocity gradient. Analysis of
the results near the no-slip boundary, not shown here, indi-
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cates that the viscous terms balance the turbulence transport
and the pressure-strain terms, the latter becoming a slight
positive contributor to the budget very near the wall. The u2
balance shown in Fig. 6 is relatively more complex than that
for u2. For this component, the magnitude of the budget terms
near the free surface is only reduced by about one-half com-
pared with their values near a solid wall. Near the free surface,
the asymptotic behavior of the various terms can be deter-
mined by using Eq. (5) as

Tp= —3bix}+ - --
H22 = — 2apb2 - 6(Cpb2 + apdz)xzz + -
@2 = 2apb; + 2(c, by + 3a,d)xE + - - - )

Doy = 2byby + 24bycpx2 + - - -

€ = 2b2b2 + 12b2d2X22 + -
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Fig. 4 Normal stress profiles normalized by the local value of the
turbulence Kinetic energy. Open-channel simulation, —; closed-
channel simulation, — —.
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Fig. 7 Distribution of the terms in the budget for ;l? in the upper
half of the channel.

It is seen that at the free surface ¢;, balances D,,, and the two
pressure-velocity terms cancel. Note that the pressure-strain
term has rapidly become a consuming term in the near surface
region whereas it is 2 major producer in the budget equation
farther from the free surface. This result is in contrast to the
behavior shown in Fig. 7 for the #7 component. In this case
&, increases near the free surface and at the surface is consid-
erably more of a source for uf than ®,; is for u?. Similar
observations have recently been made by Komori et al.!? This
behavior largely explains why the transverse component of
kinetic energy (Fig. 4) is increased relatively more so than the
streamwise component.

A curious feature contained in Figs. 5 and 7 is the behavior
of €, and €33 as the surface is approached. Near the free
surface the dissipation rates exhibit a sharp drop in magnitude
in the upper 5 to 10% of the channel. On the other hand, ¢,
shows a very slight increase in magnitude and could well be
approximated as constant in this region. This behavior is
contrary to standard modeling assumptions near the free sur-
face. Hossain and Rodi'* and later Naot and Rodi!® have
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Fig. 9 Distribution of the terms in the budget for the turbulence
kinetic energy in the upper half of the channel.

assumed that in most respects other than the vanishing of the
surface-normal velocity component, the free surface behaves
like a symmetry plane. The exception is the presumed behavior
of the dissipation rate for turbulence kinetic energy, which is
expected to increase near the surface. This is based on the
assumption that the characteristic length scale of the turbu-
lence (L «ck?*?2/¢) is reduced by the presence of the boundary.
The turbulent length scales in fact do not become zero because
they reflect the fluctuating motion in all three directions, and
the horizontal extent of the eddies is not restricted. In fact, in
Sec. Vit is shown that the macroscales in the horizontal plane
actually increase near the free surface.

The terms in the budget equation for the dissipation rate are
shown in Fig. 8. In the upper portion of the channel, the first
three production terms in Eq. (8) are small and have been
lumped together as shown. Until very near the free surface the
production by turbulence P; largely balances the dissipation
term. Very near the surface the dominant terms are the viscous
diffusion and the dissipation, each exhibiting very large gradi-

ents of opposite sign near the boundary. Reconsidering Figs. 5
and 7, it is seen that also in these cases the rapid variation in
the dissipation term appears to be at least partially offset by
the variation in the diffusion term. It should be remembered
that ¢; (or €) is not the actual dissipation of turbulent energy
for inhomogeneous flows, although it does approximate the
total dissipation for high Reynolds number flows. The partic-
ular terms D;; and ¢; arise from the combination of the actual
dissipation rate with the rate of work done by viscous shear
stresses.'® In flows far from solid walls the viscous diffusion is
generally neglected, and as such the modeled dissipation rate
implicitly models the work term.

The balance of turbulence kinetic energy obtained from the
trace of Eq. (6) is shown in Fig. 9. The viscous terms have been
added, and together they balance the transport terms at the
free surface. It is seen that the total viscous term varies only
slightly near the free surface and might be easier to model than
the individual viscous terms. It is beyond the scope of the
current work, however, to pursue turbulence modeling near
the free surface, which has been pursued elsewhere.!” Next,
the structural aspects of the turbulence are investigated by
examining the two-point correlations, energy spectra, and
length scale profiles near the free surface.

IV. Two-Point Correlations and Energy Spectra

The structure of the turbulence near the free surface is
revealed in some detail by examining the two-point correla-
tions and energy spectra at different depths below the surface.
The two-point correlation function R;; is defined by

u; (1, X3, XJQu;(x{, x3, x3)

(10
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2 2
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Here, only the properties of R;; for which x, = x{ and i = j are
described. These correlations were computed by averaging
over all flow realizations and all flow symmetries.'$

The streamwise correlations for open- and closed-channel
flows are compared at several x;* = u,x,/» locations in Fig.
10. Note that in each figure a secondary axis is given showing
the separation lengths in terms of wall variables. In the region
close to the bottom solid wall (0<x,<0.5; 0<x," <68) the
streamwise correlations are virtually identical for all three
velocity components. As an example, note the similarity be-
tween the correlations at x, = 0.071 for open-channel turbu-
lence with those for closed-channel turbulence at x, = 0.076.
The only notable difference is a somewhat longer streamwise
correlation length for u, in the open-channel case. At distances
farther from the wall, however, the differences between the
two flows become increasingly pronounced. As the free sur-
face is approached, two trends are evident. First, the stream-
wise distance at which Rs;3(Ax;, 0, x;) [subsequently denoted
Ri3;3(Ax))] attains its minimum value increases as the free sur-
face is approached. For example, at x, = 0.524, the minimum
occurs Ax; = 1.34, and as the free surface is approached this
increases to Ax; = 1.57. For the closed-channel case, however,
there is no discernible change in R33(Ax;) as x, varies from
0.572 to the centerline. [A possible interpretation for the exis-
tence of a minimum in R;3(Ax,) is discussed in more detail in
Sec. V1.] Secondly, for the open channel, the streamwise cor-
relation length of the vertical component of velocity, which
may be loosely defined by the first zero crossing, decreases
significantly from x, = 0.524, where no zero crossing exists, to
x, =0.952, where it attains a value of about 0.75. In the
closed-channel case this scale also decreases, but not nearly as
rapidly as in open-channel turbulence, where there appears to
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Fig. 11 Spanwise two-point correlations. Ryy, ——; Ra2, - - - R33,
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be a clearer separation between Ry(Ax,) and Rs3(Ax)) near the
free surface.

In Fig. 11 the corresponding results for the spanwise corre-
lations R;; (Ax;) are shown. As in the streamwise results, close
to the wall there appear to be no significant differences be-
tween these flows. Farther from the wall (x, = 0.5), it is evi-
dent that the correlation length for u, in open-channel turbu-
lence is significantly smaller compared with correlation
lengths for the other velocity components. This behavior is not
evident for the closed-channel case in this region. Again, as
with the streamwise correlation results, there is a clear separa-
tion between R,,(Ax;) and Ri3(Ax,) as the free surface is ap-
proached. One feature of note is the persistence of a local
minimum in R;;(Ax;) in open-channel turbulence. From Fig.
11 it appears that this minimum, which is indicative of a
periodic spanwise structure, continues to be evident out to
x, = 108/*. The significance of this observation is discussed in
more detail in Sec. VI.
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Energy spectra ®;; as a function of streamwise wave number
k; =2wn/L, 0 = n < 32, are shown in Fig. 12 for two surface-
normal locations in close proximity to the free surface
(x, = 0.978 and 0.952). A third energy spectrum at x, = 0.798,
relatively far from the free surface, is also given in each plot as
areference condition because at this depth, free surface effects
should not be significant. The spectra for the streamwise
velocity component &®,; show that very near the free surface,
the energy at low wave numbers remains unchanged. How-
ever, for the intermediate band (2<«k,<10) a very small in-
crease in energy is evident. There is no change in the spectrum
at high wave numbers. From the ®,, spectra it is quite evident
that as the free surface is approached, the energy at low wave
numbers decreases more rapidly than at high wave numbers.
This result is consistent with the HG model predictions,
though it should be noted that the model predicts that the &,
spectra obtained far from the free surface will merge with the
spectra near the free surface. This merger will occur at a wave
number of order 2x/Ax;, where Ax; is the vertical distance
from the free surface, and is effectively caused by the cutting
off of eddies smaller than Ax, by the presence of the surface.
In these calculations, however, the minimum resolvable
streamwise length scale dictated by the grid spacing is (4x/
64) = 0.196, which is in fact of the same order as the source
layer. It is evident that higher resolution is required to resolve
these effects. Nevertheless, the basic structure of ¥, is sugges-
tive of this kind of wave number cutoff behavior. The spec-
trum $53 shows some increase at low wave numbers but virtu-
ally no change for «; >3.

V. Macro and Microscales near the Free Surface
A. Length Scales in the Homogeneous Directions

The correlations R;; can be used to obtain both the macro-
scales and microscales of the turbulence. These measures give
not only quantitative information about the turbulent eddy
sizes but also a qualitative picture of how the free surface
modifies the turbulent structure. A measure of the largest
structures in the flow, sometimes referred to as the energy
containing eddies, are determined by computing the turbulent
macroscale.!® The macroscale A; corresponding to velocity
component u; in direction x; is defined by

Ay = g R;j(Ax;) dx; an
0

The microscale, though not the smallest length scale in the
flow, can be thought of as an average length within which
most of the energy dissipation occurs. In high Reynolds num-
ber homogeneous turbulence there is a large separation be-
tween these two scales, but in the current computations this
separation is not large principally due to the low Reynolds
number of the turbulence and its strong anisotropy. The mi-
croscale A;; is defined by

&R;;(Ax;)
)\’_Zj - _ 2/__#_

12
o, (12)

x;=0

If the turbulence is homogeneous in direction x;, then it can be
shown that an equivalent definition is

— | [0u;\?
N - ujz/ <a_xj> 13)

The microscales computed using both definitions yielded iden-
tical results. Note that in some circumstances, particularly for
the streamwise velocity component, the correlation function
R;;(Ax,) does not decay sufficiently at the end of the computa-
tional domain, so that the macroscale given by Eq. (11) may
underestimate the true eddy size. Also, since quasiperiodic
structures exist close to the wall with their periodicity primar-
ily in the spanwise direction, R;; (Ax;) can be negative. These
negative values have the effect of producing a macroscale that

underestimates the length of the largest eddy structures near
the wall.

The results of the calculation of the streamwise macroscale
Ay; and the spanwise macroscale Aj; for both the open- and
closed-channel cases are shown in Fig. 13. Recall that in these
plots the solid wall is at x, =0, and the free surface (or
centerline) is at x, = 1. The scales are nominally given in terms
of the channel height, and conversion to wall variables can be
obtained by multiplying by R* = 135 in the open-channel case
and R* = 125 for the closed-channel case. For the streamwise
macroscales, significant differences between these two cases
are apparent in the rather large region 0.4<x,<1.0. Here,
the most notable observation is that Aj;, the streamwise
macroscale for the spanwise velocity component, increases by
a factor of approximately three from = 0.19 at the centerline
of the closed channel to = 0.60 at the free surface. The
streamwise macroscale for the streamwise velocity component
Ay differs only slightly at the free surface from its value at the
centerline of the closed channel. However, there is a very
noticeable peak in A;; near the free surface, which is not
evident near the centerline of the closed channel. The free
surface effects on the spanwise macroscale Ajy; are confined to
the region (0.8<x,<1.0). Substantial differences are again
observed between the values attained at the free surface rela-
tive to those at the closed-channel centerline. The principal
difference is a noticeable increase by a factor of about two for
the streamwise velocity scale As;. The vertical velocity scale Aj;
shows a decrease by roughly a factor of two as well.

Trends similar to those found for the macroscales in Fig. 13
are apparent for the microscales A; shown in Fig. 14. The
streamwise scale for the spanwise velocity A3 is larger at the
free surface compared with its value at the closed-channel
centerline (0.40 vs 0.29). The scale A\, shows a small but
clearly evident decrease (0.21 vs 0.27). The trends for A;; are
also quite similar to those for the corresponding macroscale
results with the salient feature being an increase in A3, near the
free surface.

B. Length Scales in the Inhomogeneous Direction and Summary

It is convenient to define a vertical macroscale A,; as fol-
lows:

1
Ayi(xy) = § R;;(0, 0, x;, x3) dx; (14)
0
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Fig. 13 Macroscales in the streamwise and spanwise directions
for both open- and closed-channel simulations. Streamwise velocity,
——; wall-normal velocity, - - -; spanwise velocity, — - —.
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Fig. 14 Microscales in the streamwise and spanwise directions for
both open- and closed-channel simulations. Streamwise velocity, —;
wall-normal velocity, - - -; spanwise velocity, — - —.
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Fig. 15 Vertical macroscales in the streamwise and spanwise direc-

tions for the open-channel simulations. Streamwise velocity, —;
wall-normal velocity, - - ~; spanwise velocity, — - —.

At a given vertical location x», A, gives a measure of the
vertical size of a typical eddy that can exist at that depth.
These results are shown in Fig. 15. It is evident that A,; and Ay,
increase continuously from the solid wall until x, = 0.6, where
free surface effects become evident as both length scales de-
crease. The A,; macroscale results may not be easily inter-
preted near the solid wall since Rs3(x>, X3) becomes negative
there, presumably due to the counter-rotating vortex structure
typically associated with the wall layer. Near the free surface,
however, R33(x,, x3) is strictly positive so that the interpreta-
tion of A,; as a length scale is more meaningful. As with the
other two vertical macroscale components, A,; decreases no-
ticeably as the free surface is approached. These results gener-
ally tend to confirm the HG model, which predicts a strong

truncation of the vertical extent of a typical eddy near the free
surface.

The length scale results are particularly useful in under-
standing the change in shape of a typical eddy as it interacts
with the free surface. These results show clearly that the free
surface acts quite differently from a simple symmetry plane,
as represented by the channel centerline, principally due to the
damping of the boundary normal velocity component. In this
regard, the turbulence at the free surface is associated with
larger spanwise scales associated with the streamwise velocity
component; generally smaller streamwise and spanwise scales
for the wall normal velocity component; and larger streamwise
length scales associated with the spanwise velocity component.
Additionally, the vertical macroscales (A,;) associated with all
three velocity components decrease on approach to the free
surface. This presents a reasonably clear picture of eddies that
flatten out or become pancake-like as they undergo a reduc-
tion in their vertical extent and an increase in their streamwise
and spanwise extent by factors of three and two, respectively.
This result is certainly in agreement with one’s intuitive expec-
tation of the effect of the free surface on an impinging eddy.
It does not seem possible to make a quantitative comparison
of these results with the HG model in its present form, because
their model does not account for the strong anisotropy of the
open-channel flow studied here. Obviously, defining a farfield
integral length scale in this flow is difficult compared with
homogeneous turbulence, where the integral length scale is
easily defined and measured far from the free surface.

VI. Streak Spacing

In Sec. IV the persistence of a periodic spanwise structure at
relatively large distances away from the wall was noted for
open-channel turbulence. These streamwise-elongated struc-
tures, commonly referred to as wall-layer streaks, appear in
flow visualization studies as regions of low-speed fluid close to
the wall. Though some controversy remains about the signifi-
cance of the streaks, increasing evidence appears to show that
they are indicators of quasistreamwise vortices.!>2° These vor-
tices are thought to play a role in the production of new
turbulence and in Reynolds stress production. They were first
observed experimentally by Hama (see Corrsin?') and later
studied in more detail by Kline et al.?? These visualization
studies showed that the streaks were typically observed below
x," =30 and that they occurred randomly in space and time.
The average spanwise spacing between the streaks A" is found
to be approximately 100 and is essentially independent of
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Fig. 16 Variation of the mean spanwise streak spacing with wall-nor-
mal distance. Present study: *, open channel, R* =135; +, closed
channel, R* = 125. Smith and Metzler?*: o, boundary layer experi-
ment. Schraub and Kline25: o, boundary layer experiment. Naka-
gawa and Nezu?3: open-channel experiment, V, R* =248; A,
R: = 378. Kim, Moin, and Moser’: ¢, closed-channel simulation,
R* =180.
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Reynolds number.?? The experimental results reported by
Nakagawa and Nezu?? for open-channel flow indicate that the
mean streak spacing increases with distance from the wall and
ultimately approaches a value of A* = 2x," for x," = 50. This
led them to speculate that the increase in length scale resulted
from a coalescence (similar to the pairing interaction observed
in free shear flows) of neighboring low-speed streaks as the
distance from the wall increased. However, note that for the
locations above x," > 30 the spanwise length scale they observe
is very weak and may not necessarily correspond to well-de-
fined streaks.

More recently, Smith and Metzler,?* in agreement with the
findings of Nakagawa and Nezu, found that the average span-
wise wavelength increased from 93 at x; =1 to 146 at
x;7 =30. They noted, however, that beyond x," =30 the
streaks were not sufficiently well defined to warrant making
streak counts, and they suggest that x," = 40 is the upper limit
for which extended regions of low-speed fluid continue to
exist. Also in agreement with Nakagawa and Nezu, they found
that streak coalescence in the region 10 < x," < 30 contributed
to the increasingly disrupted streak pattern and overall in-
crease in the spanwise length scale with distance from the wall.
They noted that because the most active merging occurs in the
region of maximum turbulent energy production, this merging
process may very well be important to the turbulence produc-
tion cycle. The observation of wall-layer streaks has not been
confined strictly to experimental studies; various numerical
simulations appear to very satisfactorily capture the wall-layer
dynamics.”

In Fig. 16 the dependence of the streak spacing on x," is
presented for both open- and closed-channel flows along with
various experimental results and other numerical results. Here
the streak spacing is defined as twice the spanwise distance at
which R;;(Ax;) reaches a minimum. The results indicate
clearly that for x," <12, there is excellent agreement from all
sources that A* = 100. The streak spacing in the open-channel
case shows a jump from about 105 at x," = 12 to about 130 at
X, = 15. Farther from the wall, the open-channel streak spac-
ing increases at a rate that is roughly the same as in the closed
channel but always remains larger. One can infer from Fig. 16
that at x,* = 65, A* for the open-channel case is roughly twice
its value at x," = 12. Also clear is that, unlike the closed-chan-
nel] case where the streak spacing is apparently only clearly
defined out to x;" = 50, in the open channel the spacing can be
defined out to x," = 80. This is in fact within the logarithmic
layer of the streamwise velocity profile. The streaky structure
in open-channel turbulence is both larger in scale and persists
farther from the wall when compared with closed-channel
turbulence.

Though the reasons for these differences are far from evi-
dent, a few speculations are now offered to explain this behav-
ior. The only obvious difference between these two flows is the
boundary condition imposed on the upper surface. Because
the shear free boundary suppresses the production of new
turbulence, we can envision that this must in turn suppress the
ejection of low-momentum fluid that would otherwise occur if
the boundary were rigid (i.e., no-slip boundary conditions).
The suppression of these ejections from the top boundary
(free surface) toward the bottom boundary (solid wall) may be
responsible for slowing down the production of turbulence by
lowering the probability of shear layer formation in the region
of the solid wall. Thus, the larger, more coherent streaks near
the wall in open-channel turbulence may be due to the sup-
pression of turbulence production at the free surface. Further-
more, in boundary-layer flow the entrainment of outer-irrota-
tional fluid may act like ejections from the upper wall of a
channel. In this sense, boundary-layer flow may be more like
closed-channel flow than open-channel flow. These results
suggest that the outer flow does have an effect on the wall
region at least at these low Reynolds numbers.

An alternate but not exclusive explanation for the observed
persistence of the streaky structure is the existence of stable
vortical structures in open-channel turbulence. The vortex

loops, originating in the near-wall and buffer regions of the
flow, have been observed in other wall-bounded flows and
originate in the region of strong mean shear near the wall. In
open-channel turbulence, these structures, which are pre-
sumably generated as they are in other wall-bounded flows,
move away from the solid wall toward the opposing shear free
boundary. In the closed-channel case, these migrating struc-
tures would be subject to velocity fluctuations originating at
the opposing wall. As mentioned earlier, the shear free
boundary does not maintain a mean shear or aid in the pro-
duction of random velocity fluctuations. Without the im-
peding velocity fluctuations, and assuming the vortex loop is
sufficiently strong, it will interact and reconnect with the free
surface. After the reconnection has occurred, the vortex loop
exhibits a behavior very different from its closed-channel
counterpart. In the closed case, the loop is buffeted by the
flow and rapidly loses its coherence. In the open-channel case,
however, the vortex structure becomes quite stable because it
is unable to break free of the upper surface. In addition, the
mean velocity strain maintains its strength. These vortex struc-
tures are observed to both strengthen and disappear, but they
are observed to exist for hundreds of viscous time units. It was
noted previously (Fig. 10) that the correlation R3;3(Ax;) pos-
sesses a minimum that persists very close to the free surface.
The existence of this minimum is entirely consistent with the
surface-normal vorticity of these attached vortical structures.
More details about the reconnection process can be found in
Leighton et al.?

Evidence for the existence of these attached structures is
given in Fig. 17. In Fig. 17a the flow on the free surface is
visualized by advancing in time an array of particles released
on the free surface. The velocity field used here is frozen in
time, with the mean velocity removed. The particles converge
into tight spirals that identify the vortices attached to the free
surface. Although these particle paths would not be the paths
observed in an experiment, because they have been obtained
from a frozen field, a qualitative understanding of the surface
flow is possible. The vortex structure associated with the spiral
within the outlined rectangle of Fig. 17a is visualized in Fig.
17b. The surface visualized is that of constant vorticity magni-
tude equal to about 0.8. For comparison, the peak vorticity on
the shear free surface take on values between 2 and 3. The
structure is attached to the upper boundary at the upper left of
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Fig. 17 Attached vortex structures in open-channel flow: a) particle
paths on free surface convected by a frozen velocity field and b) vortex
structure associated with converging spiral in the small rectangle in a).
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the figure and extends toward the lower right. For clarity, the
vorticity in the bottom 20% of the channel is not shown. Both
an internal straining motion due to an internal pressure gradi-
ent and external strain due to the mean velocity field con-
tribute to the maintenance of the attached vortex. The robust
attached vortices and the associated shear layers are conjec-
tured to be the mechanism responsible for the detectability of
low-speed streaks at distances from the wall as large as
x;" = 80.

VII. Conclusions

The structure of turbulence near a free surface has been
studied using the results of a direct simulation. The simulation
results indicate that there is preferential redistribution of tur-
bulence energy to the spanwise velocity component as the
vertical component is damped near the free surface. This
result is in accordance with the limited experimental observa-
tions. The budget equations show that the pressure-strain term
is a key contributor to this behavior. In addition, the isotropic
part of the dissipation of turbulent energy decreases rapidly
very near the free surface, a result contrary to current model-
ing assumptions. An examination of the turbulent macroscales
and microscales reveals a significant flattening of a typical
eddy near the free surface compared with the structures that
exist at the centerline of closed-channel turbulence. This flat-
tening is evidenced by a notably larger streamwise scale associ-
ated with the spanwise velocity component and a commen-
surately larger spanwise scale of the streamwise velocity com-
ponent. Additionally, the vertical length scales for all three
velocity components are smaller than the companion closed-
channel values. A direct quantitative comparison of these
results with the HG model is not possible because the model
does not currently account for the strong anisotropy of the
turbulence present in this flow. Some features of the energy
spectra are in qualitative agreement with the HG model
though resolution effects and anisotropy limit direct qualita-
tive comparison.

An interesting phenomenon revealed by the current study is
the increase in size and persistence of the spanwise periodic
structure near the wall. In open-channel turbulence this struc-
ture is larger in scale and penetrates farther into the flow than
in closed-channel turbulent flow. The origin of this effect is
not clear, but one possible explanation is that the free surface
suppresses interactions that would normally occur between the
no-slip boundaries of channel flow. The lack of an opposing
boundary results in the existence of the log-layer until very
near the free surface and in the existence and maintenance of
vortex structures extending from the wall region to the free
surface. Visualizations indicate that streamwise-oriented vor-
tices can attach themselves to the free surface and appear to be
remarkably stable in this configuration. This observation
lends support to the possibility that the outer flow has a
significant effect on wall-layer structure. In future work, a
quantitative comparison of these results with a modified form
of the HG model will be attempted, and higher resolution
simulations will be undertaken to further elucidate the struc-
ture of the turbulence near the free surface.
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