My first observation on Fig. 1 is that empirical relationships
such as (3) perform better than the Rankine model in the
transition between rotational and irrotational domains, that
is. 0.5 < 7 < 2. Nevertheless, the experimental results also
confirm the suitability of the Rankine model with constant
circulation, I' = 27ru,, when 2 < 7 < 14.

The discussion focuses on whether or not the radial velocity
depends on the eddy viscosity, as stated in the authors’ con-
clusion. In previous experiments with a mechanically driven
vortex, Julien (1986) measured the eddy viscosity from sed-
iment diffusion under conditions where the radial velocity
was nonexistent. A relationship between eddy viscosity and
radial velocity must therefore be viewed with suspicion. In
the paper, the authors link radial velocity and eddy viscosity
through a simplified form of the equation of motion in (18).
I question the relevance of this approach at least in the range
2 <7 < 14, because the Rankine velocity profile with constant
circulation, rv, = constant, demonstrates that both sides of
(18) are identically zero. Instead of an analysis of second-
order momentum terms, may [ suggest a first-order continuity
analysis that seems more promising. To examine the funda-
mental nature of this problem, consider a circular cylinder of
radius r and forebay depth d. The tangential velocity is v,
and the radial velocity is — v, toward the center of the cyl-
inder. At 7 > 2, the constant circulation is given by I' =
2nre,, and the steady intake discharge at the bottom end of
the cylinder calculated by continuity is Q = 2urdv,. It is
simple to combine the expressions for I' and Q to obtain

% Q

I' = 25
v, d (25)

It is interesting to note that (25) is solely a result of continuity,
while the authors found I' = [.94Q/d after complex consid-
eration of eddy viscosity in (18)—(21). Instead of Fig. 4, it
should be rewarding to plot v, versus v, for the experiments:
the graphical slope of the expected straight line can be used
in (25). I suspect that the very high values of v, in the authors’
experiments can be attributed to the presence of the pier in
the close proximity of the vortex, as shown in Fig. 7(a), which
forces streamline deviation toward the air core.

As a last point of discussion, the authors suggest that the
eddy viscosity should be linearly proportional to circulation
in (21), based on dimensional similarity. This seems plausible
but it is not convincing because the kinematic viscosity could
also be used for the same reason. For instance. equation (19)
in Julien (1986) showed that the similarity parameter for the
distribution of silts in a vortex is of the form ["*/ev. Two
experimental points were available from the same study. namely
e = 1.67 and 9.4 cm?/s, respectively at I' = 410 and 1.230
cm?/s, while O = 0. I attempted to check these against (20)
and (21) with limited success. Comparisons with (20) are im-
possible because QO = 0 in the experiment, whereas &, is
about an order of magnitude smaller than when calculated
using (21). It is impossible to ascertain the nonlinearity of ¢
versus I" with only two points. With their experimental data,
the authors could plot € versus I to demonstrate the linearity
of (21).

With three-dimensional velocity measurements. the au-
thors definitely contribute to fundamental understanding of
the mechanics of air-core vortices. A summary table including
key experimental measurements would also be useful for fur-
ther reference.

JET FLOW ON STEPPED SPILLWAYS?

Discussion by Hubert Chanson®

INTRODUCTION

The authors presented an interesting commentary on the
nappe-flow regime above stepped spillways. The writer would
like to add some information on energy dissipation calcula-
tions of nappe flow and discuss the comparison between the
rate of energy dissipation with nappe flow and skimming flow.
It will be shown that, in fact, more flow energy is dissipated
with a skimming flow regime.

ENERGY DISSIPATION IN NAPPE-FLOW REGIME

In a nappe-flow regime, the total head loss on the spillway
AE equals the difference between the maximum head avail-
able E, and the residual head at the spillway toe. For an
ungated spillway (Fig. 1), the writer (Chanson 1993) showed
that it yields

0.275 0.85
0.54 (y—) ¢ 28 <-y—)
AE h h

—+

(6)

NS ARV
=iz,

“February. 1994, Vol. 120, No. 2, by M. R. Chamani and N. Rajar-
atnam (Technical note 5344). .

*Lect., Dept. of Civ. Engrg., Univ. of Queensiand, Brisbane QLD
4072, Australia.

In Fig. 4, (6) is compared with experimental data (Moore
1943; Rand 1955; Horner 1969; Stephenson 1979). The results
indicate a reasonable agreement. For professional engineers,
(6) 1s simpler than (2) and it does not require an empirical
estimate of the rate of dissipation at each step.

COMPARISON OF ENERGY DISSIPATION BETWEEN
NAPPE AND SKIMMING FLOWS

Several researchers (Ellis 1989; Peyras et al. 1991), includ-
ing the authors. suggested that there is much higher energy
dissipation in nappe flows than in skimming-flow situations.
But, in a recent paper (Chanson 1994), the writer showed
that, for long stepped channels where uniform flow conditions
are reached, higher energy dissipation takes place in a skim-
ming flow regime.

Such a result is illustrated on Fig. 5. where the energy
dissipation with nappe flow (Horner 1969) is compared with
energy dissipation of skimming-flow data. Fig. 5 shows con-
sistently that the nappe-flow data indicate a lesser energy
dissipation than skimming-flow data. Note that, although Fig.
5 suggests that the difference is small, it is more appropriate
to consider the residual energy [i.e., (1 — AE/E,)]. Horner's
(1969) data show that the residual energy with nappe flows
is 50—100% larger than for the skimming-flow data (Fig. 5).
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FIG. 5. Comparison of Energy Dissipation in Nappe-Flow Regime (Horner 1969) and Skimming-Flow Regime

For long chutes where uniform flow conditions are reached,
higher energy dissipation takes place in a skimming-flow re-
gime. But, for short channels, nappe flows would dissipate
more kinetic energy than skimming flows. In a nappe-flow
regime, energy dissipation takes place at each step. It is be-
lieved that nappe-flow situations can dissipate higher energy
than skimming-flow regime on short chutes. It must be noted,
however, that for a given discharge, a nappe-flow regime
requires flatter slope and larger steps than a skimming-flow
regime. In some cases, such requirements might increase the
cost of the structure or are not possible.
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Discussion by Jorge Matos* and Antonio Quintela’

After presenting an innovative method to estimate the en-
ergy loss on stepped spillways for jet (nappe) flow, the authors
have concluded that the average energy loss per step for skim-
ming-flow regime is expected to be less than that for jet flow.
The writers considered it of interest to also compare the total
energy loss downstream of an N-step spillway, for the same
values of spillway total height H, critical depth y. (or water
discharge per unit width ¢,), and spillway slope (h/l). The
results seem to show that the total energy loss for skimming
tlow is less than that for jet flow. On the basis of the authors’
work, a formula is presented to verify if the uniform jet flow
is cstablished upstream of the Nth step.

UNIFORM FLOW

The uniform jet flow is reached when (E, — Ey_,) ap-
proaches zero. From (1), the following equation is obtained:

(I — ) ll:(l — a) — .5« <h>]
h

Ey , v
(1 - oz)"'[l + 1.5 (‘;ﬂ + > (1 = )
9

Fig. 6 is a result of (7), where « is obtained from (3)-(5),
for two spillways with the same slope (h/l = (.842): one for
N = 10 and 20 = Nh/y,. = 100 and the other for N = 30 and
40 = Nh/y. = 100. Fig. 6 shows that the uniform flow is
practically reached upstream of the Nth step (toe of the spill-
way) for most of the Nh/y, values within the mentioned range,
both for N = 100 and N = 30. This conclusion was verified
for the other values of h/l analyzed by the authors and is in
agreement with the observations of Essery and Horner (1978).

ENERGY DISSIPATION

Assuming that uniform flow conditions in the skimming-
flow regime are reached upstream of the spillway toe, the

‘Lect., Dept. of Civ. Engrg.. Tech. Univ. of Lisbon. Lisbon 1096,

Portugal.

*Prof.. Dept. of Civ. Engrg.. Tech. Univ. of Lisbon. Lisbon 1096,

Portugal.
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friction slope equals the spillway slope, and, as indicated in
Stephenson (1991) and Chanson (1994), AE/E, can be ex-
pressed as a function of H/y.. Fig. 7 shows values of AE/E,,
obtained from skimming-flow experiments in which different
measurement techniques were used. The AE/E, values for
the second series of the model tests of Diez-Cascon et al.
(1991) are recalculated by the writers using the momentum
equation to estimate the equivalent water depth upstream of
the hydraulic jump (at the toe). This indirect or nonintrusive
method has already been referred by Stephenson (1991) and
Diez-Cascon et al. (1991), and applied by Tozzi (1992). The
recalculated AE/E,, values plotted in Fig. 7 are considerably
lower than those obtained from Table V in Diez-Cascon et
al. (1991) as well as those plotted in Fig. 2 of Chanson (1994).
In fact, AE can be significantly overestimated if it is calculated
on the basis of the aerated-flow depth instead of the equiv-
alent water depth. On the other hand, the AE/E, values ob-
tained from the experiments of Sorensen (1985) are consid-
erably higher than those obtained for the other studies.
However, it appears that these values might be overesti-
mated. The writers verified that the flow depths on the hor-
izontal slope downstream of the toe in Sorensen’s experiments
(calculated from available values of discharge and toe veloc-
ity) are generally slightly higher than the normal water depths
on the steps at which air entrainment commences. This ob-
servation leads to the conclusion that perhaps air was not
significantly released from the flow. Fig. 7 also contains two

Eq. 2: b/1=0.842; N=10
Eq. 2: h/1=0.842; N=30

. Houston and Richardson
(1988): Pitot tube

°© Houston and Richardson
(1988): video

A Christodoulou (1993): point
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A Sorensen (1985): scale (for
flow depth measurement)

° Diez-Cascon et al (1991):
recalc. by non-intrusive
method

= Jardin (1992): video
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FIG. 7. Energy Loss Ratio in Stepped Spillways
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graphs for jet flow resulting from (2), one for A/l = 0.842
(8 = 40°) and N = 10, and the other for the same A/l and
N = 30.

Fig. 7 shows that (1) for the same value of H/y,. (or spillway
height and water discharge per unit width) and spillway slope,
the total cnergy loss in a jet flow is greater in the case that
N = 10 than for N = 30. The diffcrence in AE/E, reduces
as Hly. increases. This tendency was verified for the other
values of i/l analyzed by the authors; and (2) the total energy
losses obtained from the experiments of Diez-Cascon et al.
(1991), Tozzi (1992). Jardin (1992), and Houston and Rich-
ardson (1988) are in general lower than those estimated for
jet flow.

Taking into account that for the same slope and H/y, the
total energy loss in jet flow decreases when the number of
steps increases (this means that the flow regime tends to a
skimming flow)., it seems reasonable to accept that the total
energy loss in jet flow is greater than that observed for skim-
ming flow and that the ditference in AE/£, reduces when H/y..
becomes large. This is to be expected once a quasi-uniform
flow s attained over a considerable extension of the spillway;

in fact, for the same spillway slope the friction slope is the
same for a uniform jet flow and for a uniform skimming flow.

Although the results obtained using the nonintrusive method
seems to be relatively accurate, a more developed research
taking into account the effects of air entrainment is considered
important to obtain a precise estimate of AL/E,,.
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Discussion by P. Veerabhadra Rao,* Member, ASCE, and
P. L. N. Rao’

The authors are to be commended for a unique presen-
tation of the results pertaining to the ratio of energy lost on
the spillway and the proportion of energy lost per step as a
function of y./h for different values of h/f and N in the jet-
flow regime. The interesting aspects of the results are (1)
small values of y_/h result in large values of «; and (2) uni-
versalization of « versus y,./h curves including the observation
of the o value being independent of i/l for y /h = 0.25. While
discussing the jet flow over gabion weirs, Peyras et al. (1992)
classified nappe flows into isolated nappe flows (at small flow
rates, i.e., y./h < 0.5) and partial nappe flows (at higher
discharges, i.e., 0.5 = y./h = (0.8). However, one of the
present authors (Rajaratnam 1990) suggested a simple nappe-

FIG. 8. Flow over Steps (Chew Valley Spillway) (Reproduced with
Permission of Controller of Her Majesty’s Stationery Office)

“Deputy Chiel Engr. (R & D). Tate Consulting Engrs., 73/1 St. Mark’s
Road. Bangalore 560 001, India.

"Asst. Engr. (R & D). Tate Consulting Engrs.., 73/1 St. Mark’s Road,
Bangalore 560 001, India.

444 / JOURNAL OF HYDRAULIC ENGINEERING / MAY 1995

flow regime (i.e., y./h = 0.8). The present writers wish to
bring the attention of authors to the 3D flow over the steps
of Chew Valley spillway (Hydraulic 1978) shown in Fig. 8,
which is very pertinent to the present results and explains the
dissipation phenomenon in some detail during a nappe-flow
regime and at low y_/h values. The following are our further
abservations and comments.

For low discharges, the maximum energy loss occurs as the
friction factor tends to be very high. This was reported by
earlier investigators including one of the present authors. Apart
from 2D experimental observations and explanations ad-
vanced by different investigators, Fig. 8 clearly depicts a 3D
dissipation process when y./h << 1 for jet flow over steps
including the formation of a partial hydraulic jump. The ac-
tual process of energy dissipation appears to be more involved
than the simple explanation from 2D experiments.

According to Chanson (1994), the onset of skimming flow
is when y /b = 1.057 — 0.465 (h/l). For jet flow y./h = 0.8.
Substitution of this value in the above relation gives A/l =
0.43. This relationship is a condition for jet or nappe tlow to
continue. From Fig. 3 it is clear that for y /h < 0.25, the
values of a are very high and independent of A/l. Does this
result mean that nappe flow tends to sheet flow at all A/
ratios, possibly without the jet separating from the surface to
effectively dissipate maximum energy? Analysis of the au-
thors’ results and (3) also indicates that the effect of N appears
negligible on the relation of AE/E, at y./h = 0.2. On the
other hand, the effect of N is prominent of AE/E, at high
y./h ratios (0.4 < y /h = 0.8). The relations are very inter-
esting but need clarifications with respect to the experimental
observations.

The authors stated “that for skimming flow, which occurs
for y./h larger than 0.8, an analysis of the observation of
Sorensen as well as Fig. 3 indicate that the average energy
loss per step would be less than that of jet flow.” This is
believed to be true (Chanson 1994) for short channels. On
the other hand, a skimming-flow regime cnables higher en-
ergy dissipation than a nappe-flow regime for long chutes.
The observations by the authors may be explained with special



reference to flow mechanisms as to why such energy dissi-
pation characteristics are possible.

The authors have presented an equation [(3)] for « as a
function of y /h for different values of 4/l and another equa-
tion [(2)] for energy loss. These equations appear to have a
close relation to the equation presented by Chanson (1994)
for energy loss in jet-flow regime on stepped spillways. Dis-
sipation of more energy in a nappe-flow situation, as noted
by the authors, however, depends on the long or short chan-
nels.

The analysis of the results of Horner for stepped drops with
steps having a reverse slope also supported the idea of more
loss for multiple steps than for a single step, as presented by
the authors. Spillways with wedge-shaped block (with adverse
slope) technology were used in Russia since 1976 (Baker 1994).
In this case, the optimum conditions for maximum energy
dissipation occur at a different A/l value. Fig. 3 indicates that
the energy loss increases as b/l decreases for a constant y /h
ratio. Indeed. the unified results presented in Fig. 3 are very
interesting. Recently Christodoulou (1993) also arrived at dif-
ferent universalized relationship that is, a AH/H,, versus y /hN
curve for nappe and skimming-flow regimes (where H = local
energy head, above chosen step; H, = upstream head, re-

ferred to step elevation; and AH = H, — H). It may be noted
that the ranges of y./h in these two studies are different. In
spite of this, general nature of presentation in both studies
are identical and are very good for universal representation
of data sets.

Recently, it has been reported by McCorquodale and Mo-
hamed (1994) that the length of roller of an adverse jump is
less than that of an equivalent horizontal jump. It has further
been observed that the adverse sloping jump has a lower
energy dissipation than the equivalent horizontal jump. We
ask that the authors comment on the energy-dissipation char-
acteristics with respect to jet flow and jump phenomenon
with respect to adverse slopes with specific reference to stepped
spillways.
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Discussion by Sandip P. Tatewar® and Ramesh N. Ingle’®

The authors are to be commended for developing a method
to estimate the energy loss on stepped spillways for the jet-
flow regime, as the procedure for accurate estimation of this
energy loss 1s not available in literature. The authors” method
is based on a regression analysis of the experimental data of
Horner (1969), and hence predicts the energy loss accurately
when applied to Horner’s experimental observations. It is
necessary to determine the accuracy of (2)—(5) for prediction
of energy loss for the experimental data of others or for pro-
totype observations. Using Rand’s (1955) expression for the
depth at the toe of the nappe of a straight-drop spillway, the
energy loss over a stepped spillway for jet flow can be ex-
pressed as

“Lect., Coll. of Engrg., Amravati, India.
“Prof. of Civ. Engrg.. Viscesvaraya Reg. Coll. of Engrg., Nagpur,
India.
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yith = 0.54Dv-42 (9)

and D is drop number

D = glgh® (10)

The writers predicted the relative energy loss from (8) for all
the values shown in Fig. 2. Comparison of relative energy
loss predicted by (8), (2) and (3), and Horner’s experimental
observations i1s shown in Fig. 9. Compared to experimental
observations, the average error in prediction from (2) and (3)
is 0.85% with standard deviation of 0.64, while in prediction
from (8), it is 2.89% with standard deviation of 1.63. Since
prediction by (8) is based on Rand’s (1955) expressions, which
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FIG. 9. Comparison of Eq. (8) with Egs. (2) and (3) and Horner’s Experimental Data
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are derived from his own experimental data and those of
Moore (1943) and Bakhmeteff and Feodoroff, it cannot be
as accurate as prediction from (2) and (3) for Horner’s ex-
perimental data. However, it can be considered more general
and comparatively convenient for application.

It is expected that the reverse slope of steps would increase
the relative energy loss on stepped spillway in a nappe-flow
regime. To study the effect of the angle of inclination of
reverse slope (8), the writers carried out a regression analysis,
following the procedure suggested by the authors for deter-
mining a. For constant value of 4/l = 0.421, the variation of
o with 8 in degrees can be described by

a = A — Blog(y./h) (11)
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Variation of o with y_/h for Different Values of 9

where the coefficients A and B are described by the following
equations:

A

0.12712 — 0.000286 (12)

B = 0.70794 + 0.017246 (13)

where 6 is in degrees.

The variation of o with y./h for different values of 6 is
shown in Fig. 10. The continuous lines represent (11), and
the points represent the experimental data. For the same
value of y_./h, a increases with 6 as expected. For y./h more
than 0.8, o becomes independent of 8, probably because the
flow regime changes to skimming flow.

Closure by M. R. Chamani,'® and N. Rajaratnam,'' Member, ASCE

The writers appreciate the interesting comments from all
the discussers. The comments and questions of the discussers
have enhanced the value of this technical note. The compar-
ison of energy loss between jet and skimming flows presented
by Matos and Quintela, and Chanson as well as the photo-
graph provided by Rao and Rao are interesting and useful.

The main thrust of this note was to develop a method to
estimate the energy loss on stepped spillways for the jet-flow
regime. Since it was difficult to accomplish this from a physical
understanding of the flow, we introduced the concept of rel-
ative energy loss per step o, which was evaluated from the
extensive experimental observations of Horner.

In the discussions, three questions were raised: (1) Does
the prediction of relative energy loss from the simple equation
of Rand differ considerably from that predicted by the writers’
method? (2) Is the relative energy loss in the jet-flow regime
greater than that in the skimming-flow regime? and (3) Why
does the adverse slope of the steps increase the relative energy
loss? We attempt to address these issues in the following
paragraphs.

"Grad. Student, Dept. of Civ. Engrg., Univ. of Alberta, Edmonton,
Alberta, Canada, T6G 2G7.
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The first equation of Tatewar and Ingle, (8), is essentially
the same as (6), in Chanson’s discussion, and is based mainly
on Rand’s work. Eq. (7), in Matos and Quintela, is also based
on the assumption that the head loss in the developed or
uniform flow region at any step in the jet-flow regime equals
the step height. Hence, it was concluded that for the last step,
the flow is similar to that at a single drop. Then Rand’s equa-
tion an be used to estimate the depth of flow at the base of
a stepped spillway. In Rand’s study, the approaching flow
was subcritical and the nappe was aerated. For stepped spill-
ways, after the first step, the flow is likely to be supercritical
on the other steps. Second, stepped spillways are not aerated.
Our observations in the laboratory indicate that the pocket
behind the falling jet is generally filled with water and this
would enhance the energy dissipation. It may also be pointed
out that if the uniform-flow assumption is extended to the
last step, the total head loss would be equal to the spillway
height. Then, the relative energy loss can be written as

AE__H N

E,  H+ 15y, y.
N+ Ls (3

(14)

To compare the different equations for relative energy loss,
the experimental results of Horner for the 30-step model for
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FIG. 12. Variation of « with y./h for h/l = 0.421 for Inclined Steps

difterent values of A/l are shown in Fig. 11 along with the
plots of (6), Chanson, and (2) and (14). Fig. 11 shows that
(2) shows better agreement with the experimental observa-
tions of Horner than (6) or (14). Further, this agreement
improves as the slope of the stepped spillway increases.

Now addressing the second question, we refer to the dis-
cussion supporting the statement that the relative energy loss
AE/E, in the jet-flow regime is greater than that observed in
the skimming flow. Matos and Quintela plotted the experi-
mental data for both regimes and pointed out that the dif-
ference becomes negligible for larger values of H/y,. By plot-
ting different sets of data, Chanson showed that the jet-flow
regime dissipates less energy than skimming flow. Rao and
Rao, and Chanson commented that for a short channel, AE/
E, for jet flow is larger than that for skimming flow, whereas
the reverse is true for long stepped chutes.

The writers only mentioned that « is greater for jet-flow
regime. The lack of a precise solution for estimating AE/E,
in skimming flow makes it difficult to make a proper com-
parison. The method proposed by Rajaratnam (1990), which
was used later by Chanson (1993) in a different form, is based
on the idea that uniform-flow condition is reached on stepped
spillways. The estimated energy loss depends on evaluating
the friction factor f, which appears to vary over a wide range.
This makes it difficult to calculate AE/E,, precisely. The scat-
ter in the data shown in Fig. 7 demonstrates this point. The
flow characteristics of these two regimes are different and
they occur under different conditions.

As to the third question, we simply pointed out that the
provision of an adverse slope helps to form at least a partial
jump that makes some contribution to the dissipation of en-
ergy. Tatewar and Ingle showed that variation of o with y_/h
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for different values of the adverse slope for one value of A/l.
We present herein Fig. 12 (from the thesis of the first writer),
to show the variation of a with y./h for A/l = 0.421 in more
detailed form. Similar results for other values of A/l are avail-
able in the thesis of the first writer. The variation of a with
y./h for adverse slopes, where 9 is the angle of the step, can
be described by

o = ¢ + dlog(y./h) (15)

wherein the coefficients ¢ and d are described by the following
equations:

¢ = 0.476 + 0.431 cos(8) + [—2.043 + 1.583 cos(0)]log(h/L)
(16a)

d= —0.795 — 0.223(6) + [—0.187 + 1.657(8)]log(h/L)
(16b)

INCIPIENT MOTION OF SAND-GRAVEL SEDIMENT MIXTURES?

Discussion by Roger Bettess?

The discusser found the paper interesting, and the author
should be congratulated on his contribution to the subject.

In treating problems of initiation of motion, there is always
a difficulty in defining what is meant by initiation of motion.
The author has chosen to define initiation as the point at
which the nondimensional sediment transport rate achieves
a fixed value. To carry out his procedure, the author based
his technique on the work of Parker et al. (1982) and used
the nondimensional sediment transport rate W7} defined by
(3).

In many sediment transport problems the method by which
the sediment transport rate is nondimensionalized does not
have a significant impact on the results of a study. In this case
the writer suspects that the equation used could have a sig-
nificant impact on the calculated results. It is of interest, for
example, that (3) does not directly involve the grain size D,.
This may perhaps explain the insensitivity to grain size that

is demonstrated in Fig. 5. The writer would be interested to
know whether similar results would have been obtained if an
alternative form of nondimensional sediment transport. for
example, that proposed by Ackers and White (1973), had
been used.

An alternative definition of initiation of motion can be
based on the observed movement of grain sizes. Yalin (1977)
has done much significant work on indicating how sediment
size should be taken into account in such observations.

It would be interesting to know how the author’s approach
relates to that of Yalin and whether the two are reconcilable.
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Closure by Roger A. Kuhnle?

I thank Roger Bettess for his discussion and interest in this
work.

The definition and measurement of the initiation of motion
for sediments in alluvial streams has been a problem for many
years. Since some movement of the sediment is necessary for
determining the initial motion of the bed. a precisely defined
criteria is needed to define initial motion. For unisize sedi-
ments Neil and Yalin (1969) defined an initial motion criterion

nD?
..

= constant (7)

where n = number of grains displaced per unit area per unit
time; D = grain diameter; and u, = shear velocity. From
practical concerns Neil and Yalin suggested a value of 10-°
for the constant in (7) for the beginning of bed movement.
Yalin (1977) introduced another criterion for the beginning
of bed movement that was similar to that proposed by Neil
and Yalin (1969)

nD?
V(s — gD

“December, 1993, Vol. 119, No. 12, by Roger A. Kuhnle (Paper 5392).

*HR Wallingford, Ltd., Howbery Park, Wallingford. Oxfordshire.
U.K.. OX10 8BA.

‘Res. Hydr. Engr.. Nat. Sedimentation Lab., USDA Agric. Res.
Service, P.O. Box 1157, Oxford, MS 38655.

= constant (8)
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where 5 = ratio of the density of the sediment to that of the
water; and g = acceleration of gravity.

Neither of these initial motion criteria can be directly ap-
plied to mixed-size sediments (Wilcock 1988) because of the
difficulty of defining a common time scale for the individual
grain sizes in a bed with mixed sizes. Wilcock (1988) proposed
using either (7) or (8) for comparisons between different mixed-
sediment beds and using the following criterion to scale the
observations for the different sediment sizes in each mixed
bed

m.D;}
~—- = constant 9)
fmi
where m; = number of grains of ith size fraction displaced
per unit bed area (= nt); D; = grain diameter of the ith size
fraction; f,,, = proportion of the ith size fraction present on

the bed surface; and ¢ = time. In practice, however. the large
areas, long time periods, or large number of grains that must
be used to scale observations of the different grain sizes make
(9) very difficult to implement for most mixed-size sediments
[see Wilcock (1988)].

The method chosen (Parker et al. 1982) to calculate the
reference (or critical) shear stress from transport rates mea-
sured from a series of flows over a given sediment bed. does
not measure the beginning of movement of the sediment di-
rectly, but the scaling problems are less severe than for other



