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Hydraulics of the Developing Flow Region of Stepped
Spillways. IlI: Pressure and Velocity Fields

Gangfu Zhang' and Hubert Chanson?

Abstract: In skimming flow on a stepped spillway, the upstream flow motion is nonaerated and a turbulent boundary layer develops until the
outer edge of the boundary layer interacts with the free surface; that is, at the inception point of air entrainment. Herein, new experiments were
performed in the developing flow region on a large 1 V:1 H stepped spillway model with step height # = 0.10 m. The flow properties in the
developing flow region were carefully documented. In the developing boundary layer, the velocity distributions followed a 1/4.5th power law
at the step edges. Detailed velocity and pressure measurements showed some rapid flow redistribution between step edges and above step
cavities. The application of the momentum integral equation indicated an average friction factor of 0.18, which is close to the observed
air-water-flow friction factor of 0.23, suggesting that the spatially averaged dimensionless shear stress was comparable in the developing
flow and fully aerated flow regions. DOI: 10.1061/(ASCE)HY.1943-7900.0001136. © 2016 American Society of Civil Engineers.

Author keywords: Stepped spillways; Developing flow; Velocity distributions; Pressure distributions; Boundary shear stress; Energy

dissipation.

Introduction

On an uncontrolled stepped spillway, the flow is accelerated by
gravity. At the upstream end, a bottom boundary layer is generated
by friction and develops in the flow direction. When the outer
edge of the boundary layer becomes close to the free surface, free-
surface aeration takes place. Free-surface breakup and air entrain-
ment occur because the turbulent shear stress is greater than the
surface tension force per unit area resisting the interfacial breakup
(Ervine and Falvey 1987; Chanson 2009; Bombardelli et al. 2011).
Downstream of the inception point of free-surface aeration, the
flow is fully developed and rapid free-surface aeration is observed
(Peyras et al. 1992; Chamani and Rajaratnam 1999; Chanson
2001). Recent prototype observations showed large surface scars
upstream of the inception point (Chanson 2013) (Fig. 1). The scars
were about 1.5-1.7 m in size; the probability distribution function
of the surface scar production frequency was skewed, with a pre-
ponderance of short frequencies relative to the mean; the median
production frequency was 2.5 Hz (mode: 2.2 Hz) and the standard
deviation was 0.87 Hz. Such surface scars were believed to be evi-
dence of elongated hairpin vortices generated by boundary friction
in the developing flow, stretched by the main strain field (Chanson
2013). Amador et al. (2006) performed a characterization of the
developing flow using particle image velocimetry (PIV), although
for only a small range of laboratory flow conditions. The data
showed maximum turbulence levels just behind the step edges,
where the separation of the shear layer developed. Numerical sim-
ulations of these experiments suggested rapidly varied velocity and
pressure fields in the developing flow (Qian et al. 2009).
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Herein, velocity and pressure distributions and energy dissipa-
tion were studied in a large steep-stepped chute (1 V:1 H) under
controlled flow conditions. The study aims to provide a new under-
standing of the hydrodynamics of the developing flow region on a
steep-stepped spillway model. The results provide a better charac-
terization of the flow resistance and highlight a number of chal-
lenges faced by the design engineers.

Experiments and Instrumentation

The experiments were conducted in a large stepped spillway model
(1 V:1 H) (see the companion paper, Zhang and Chanson 2016).
The test section was 0.985 m wide and consisted of a broad-crested
weir followed by 12 0.1-m high flat steps. The water was fed from a
large intake basin through a 2.8-m-long sidewall convergent with
a contraction ratio of 5.08:1, leading to a smooth and waveless
inflow.

The discharge was deduced from detailed velocity and pressure
measurements performed above the broad-crested weir (see Part I,
Zhang and Chanson 2016). Clear-water flow depths were measured
with a pointer gauge on the channel centerline, as well as using
photographic observations. The accuracy of the pointer gauges was
+1 m in the clear-water flow region. Clear-water pressure and
velocity measurements were conducted using Prandtl-Pitot tubes
(@ = 3.18 mm) connected to an inclined manometer, with the
tubes opened to the atmosphere. The error on the Prandtl-Pitot tube
reading was less than 1 mm vertically. The longitudinal separa-
tion between the total and static tappings was taken into account
by independently repeating measurements at each location, as
illustrated in Fig. 2. The vertical movement of the Prandtl-Pitot
tube was controlled by a fine adjustment travelling mechanism.
Further details were reported in the companion paper (Zhang and
Chanson 2016).

Total and static pressure measurements were conducted in the
clear-water region upstream of the inception point of free-surface
aeration for skimming flow conditions d,./h > 0.9, where d, is the
critical flow depth [d, = (¢*/g)'/3, where ¢ is the water discharge
per unit width, g is the gravity acceleration, and / is the vertical step
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(a)

(b)

Fig. 1. Hinze dam stepped spillway operation on January 29, 2013; flow conditions: ¢ ~ 17 m?/s, d,/h ~ 2.5, 0 = 51.3° (1 V:0.8 H) (images by
Hubert Chanson): (a) view from downstream of the developing flow region and inception point of free-surface aeration; (b) view from upstream of the

developing flow region and surface scars (arrows)

Dynamic tapping

Static tappings
(4 total, 1 shown)

Fig. 2. Definition sketch of the stepped spillway model and Pitot tube positioning during flow measurements at step edges; flow direction from left

to right

Table 1. Experimental Flow Conditions: Stepped Chute Measurements
(Present Study)

Study
location Q (m¥/s) d./h Location Flow regime
Step edges  0.085-0.216 0.9-1.7 Step edges 2-8  Skimming flow

Step cavities 0.148-0.182 1.3-1.5 Step cavities 24 Skimming flow

height]. The data were recorded at selected longitudinal locations
along the channel centerline using Prandtl-Pitot tubes for dimen-
sionless discharges ranging from d./h = 0.9 — 1.7 (Table 1).
The data were analyzed in terms of velocity and pressure distribu-
tions, as well as energy dissipation in the developing flow region at
each step edge and at several locations between adjacent step edges.

Velocity Distributions in the Developing Flow
Region

The velocity measurements showed that the water column con-
sisted of a developing boundary layer with an ideal flow region
above it. The data indicated that the flow was accelerated by gravity
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in the downstream direction. In the ideal flow region, the free-
stream velocities matched theoretical predictions based upon the
Bernoulli equation (Chanson 1999, 2001). At each step edge, the
boundary layer flow was characterized by a steep velocity gradi-
ent and the velocity profiles were best described by a power law
(Chanson 2001; Amador et al. 2009; Meireles et al. 2012):

Vs

Y\ /N
Vo= <3> y < ¢ at step edges (1)
o

where V, = longitudinal velocity component; V, = free-stream
velocity; y = distance normal to the pseudobottom formed by
the step edges; and 6 = boundary layer thickness defined in terms
of 99% of the free-stream velocity.

Typical velocity distributions are presented in Fig. 3(a). The best
data fit yielded N = 4.5, with a normalized correlation coefficient
r = 0.97. The value of N was close to that suggested by Chanson
(2001) for a 1V:2H stepped model typical for embankment dams,
but slightly different from N = 3.0 and 3.4 obtained by Amador
et al. (2006) and Meireles et al. (2012), respectively. Fig. 3(b)
presents typical velocity contours for the entire flow between step
edges 2 and 4, for d./h = 1.5. In Fig. 3(b), the measurement lo-
cations are marked with black dots, except at the free surface where
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Fig. 3. Velocity distributions in the developing flow region of skimming flows on stepped spillway: (a) dimensionless velocity distributions in the
boundary layer at step edges (step edges 3 and 4); (b) dimensionless velocity contours V/V . between step edges—flow conditions: d./h = 1.5—flow

an ideal flow velocity was assumed. The data showed some rapid
velocity redistributions in the skimming flow. Downstream of each
step edge, some flow separation occurred and a shear layer devel-
oped. Following Pope (2000) and Amador et al. (2006), an upper
bound of the shear layer may be y,;, = yg9 Where yg 4 is the depth
where V, =0.9 x V. A typical evolution of the upper bound of
the shear layer in the flow region surrounding step edge 3 is shown
in Fig. 4 for d./h = 1.5, where k, = h x cos 0 is the step cavity
height and L, is the step cavity length: L,, = (h*> + [?)/2. The
data showed that the upper bound of the shear layer increased in the
longitudinal direction downstream of the step edge and reached
a maximum at approximately x/L.,, = 0.8, which was close to
the findings of Amador (2005) (Fig. 4). The process was repeated
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at the next step edge and exhibited a wavy pattern over several
steps. Note that the present study was unable to obtain a reliable
estimate of the lower bound of the shear layer in the cavity flow
region because of instrumentation limitations.

Pressure Distributions in Developing Flow

The pressure distributions were derived from the piezometric head
and water depth measurements. The data showed a rapidly varying
pressure field in the developing flow region. Typical dimensionless
pressure distributions are presented in Figs. 5 and 6. In Fig. 5, the
hydrostatic pressure distribution is shown for comparison (solid
line). At step edges, the pressure profiles exhibited a linear shape in
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Fig. 4. Upper bound of mixing layer in skimming flow, with flow di-
rection from left to right and the origin at step edge 3; flow conditions:
d./h=1.5, h=0.10 m, § = 45°—comparison with data of Amador
(2005) for d./h =2.15, h = 0.05 m, § = 51.3°

the ideal flow region immediately below the free surface [Fig. 5(c)].
The pressure gradient OP/0Jy was often greater than hydrostatic
and tended to increase with increasing discharge, up to twice
the hydrostatic pressure gradient for d./h = 1.7. The deviation
from hydrostatic pressure distribution appeared to be a result of
vertical flow accelerations linked to the free-surface curvature.
The maximum pressure was typically observed in the mid- to
lower-flow region, below which a pressure decrease was observed
[Fig. 5(c)].

Pressure measurements immediately upstream and downstream
of step edges showed distinctive patterns (Figs. 5 and 6). Upstream
of the step edge, the pressure gradient was consistently larger
than hydrostatic throughout the entire water column; the findings
were consistent with recent numerical data (Bombardelli, personal
communication, 2014), as well as horizontal step pressure data
(Amador et al. 2009). The largest normalized bottom pressures
were recorded for the smallest discharge (d./h = 0.9) [Fig. 5(a)].
Immediately downstream of each step edge, flow separation took
place and the dimensionless pressure was subatmospheric in the
lower water column [Figs. 5(d and e) and 6]. Such subatmospheric
pressures were recorded by Toombes (2002) immediately below the
step edges in nappe and transition flows, and by Sanchez-Juny et al.
(2008) and Amador et al. (2009) in skimming flows. Maximum and
minimum pressures appeared to be linked to flow stagnation up-
stream of and flow separation downstream of each step edge.

Fig. 6 presents typical pressure contours above two step cavities.
In Fig. 6, the locations of pressure measurements are marked with
black dots, except at the free surface, where the pressure was atmos-
pheric. The data showed a rapid redistribution of the pressure field
in the flow direction (Figs. 5 and 6). The flow was characterized by
alternating zones of positive and negative pressure. A large negative
pressure zone was observed immediately downstream of step edge
3 in Fig. 6, with the minimum pressure below the atmospheric pres-
sure. A positive pressure zone was observed next to the horizontal
step face, linked to some interaction between the shear layer and the
step face, with a change in streamline direction and flow stagnation
immediately upstream of step edge 4 (Fig. 6). The occurrence of
higher pressure at the lower edge of the cavity was consistent with
numerical simulations (Qian et al. 2009; Bombardelli, personal
communication, 2015). Fig. 6 also shows a few regions with a
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nearly constant pressure gradient, implying that the streamlines
were parallel despite the nonhydrostatic pressure distribution.

The present results demonstrated that the pressure distributions
were not hydrostatic in the developing flow region on a stepped
spillway, and the flow field was rapidly varied, with rapid longi-
tudinal variations in both pressure and velocity distributions. The
observations were consistent with the velocity data of Amador et al.
(2006) and numerical modeling (Qian et al. 2009). A close exami-
nation of Fig. 6 showed longitudinal variations in pressure profiles
across step cavities: for example, step cavity 2—-3 was generally
governed by positive pressures, while a negative pressure core
was observed in step cavity 3—4. These observations may be attrib-
uted to the stepped geometry. The steps formed a series of expan-
sions and contractions, forcing the flow to redistribute and leading
to curved streamlines. The free-surface pattern was influenced by
the combination of bottom geometry, slope, and inflow conditions.

The present findings indicated that an improper stepped con-
figuration might lead to the generation of significant free-surface
curvatures and adverse negative pressures. An optimum design
should seek to minimize any rapid flow variations to create a more
uniform velocity and pressure field instead.

Total Head, Energy Dissipation, and Flow
Resistance

Total Head Distributions

In the developing flow region above the stepped chute, energy dis-
sipation took place in the boundary layer flow by means of viscous
effect and turbulent interactions. The ideal fluid flow was little
affected by the step macroroughness, and the total head increased
rapidly in the downstream direction according to ideal fluid flow
calculations. Some energy was dissipated in the boundary layer, as
indicated by the steep total head gradient in Fig. 7(a). The smallest
values were recorded in the step cavity. Fig. 7(a) shows a typical
contour plot of dimensionless total head H,/H 4,,, across two step
cavities, where H, and Hg,, are the total head and dam height
(Hgam = 1.2 m), respectively. At the free surface, H, was calcu-
lated using the Bernoulli equation. A yellow dashed line was drawn
in Fig. 7(a) to show the outer edge of the boundary layer for that
flow rate.

The energy dissipation rate in the developing flow region was
analyzed based upon the total head measurements. At each step
edge, the depth averaged specific energy was estimated as

1 d
H, =% [, 2) xay @)
d o

where d = flow depth; H, = total head; and z,, = step edge elevation
above the datum. The normalized specific energy H,/H,,,, along
the stepped chute is shown in Fig. 7(b), where H ,, is the maxi-
mum specific energy at any step edge along the spillway, L is the
streamwise distance from the first step edge and L; is the distance
to the inception point of free-surface aeration. The present results
showed a quasilinear decrease in normalized specific energy as
previously reported (Hunt and Kadavy 2010; Meireles et al. 2012).
In Fig. 7(b), the present data are compared to an empirical corre-
lation proposed by Meireles et al. (2012) for an ogee-crested
spillway with a 1 V:0.75 H slope. The agreement between data
and correlation was acceptable, although some data scatter was
observed, which is possibly linked to the effects of free-surface
curvature and by the distinct facilities.
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Fig. 5. Dimensionless pressure distributions in skimming flows at locations immediately surrounding step edge 3: (a) x/L.,, = —0.1; (b) x/L,, =
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Boundary Shear Stress

The flow resistance in a skimming flow is commonly estimated
using the Darcy-Weisbach friction factor (Rajaratnam 1990;
Chanson 2001), although its application to form losses is arguable
(Chanson et al. 2002). The friction factor is essentially a dimen-
sionless shear stress between the main streamflow and cavities;
namely, a spatially averaged boundary shear stress along the pseu-
dobottom, since

8T,

f (3)

CpxV3

where f = dimensionless boundary shear stress or Darcy-
Weisbach friction factor; 7, = (spatially averaged) boundary shear
stress; and p = fluid density. Herein, the dimensionless boundary
shear stress was estimated from the von Karman momentum inte-
gral equation applied to the developing boundary layer (Schlichting
1979):

ov,
Ox

%(V%x62)+vox61x

=T )
8
where the subscript MI indicates calculations based upon the mo-
mentum integral Eq. (4), 6, is the displacement thickness, 0, is the
momentum thickness, and x is the longitudinal coordinate. Eq. (4)
may be applied by both microroughness and macroroughness
(Schlichting 1979) and implicitly takes into account the effects
of gravity (Chanson 2014). The results are presented in dimension-
less form in Fig. 8 (closed square symbols) and in tabular form in
Table 2. On average, the dimensionless boundary shear stress
deduced from the momentum integral equation equalled: f;,; ~
0.182 (Table 2). The result was close to the air-water flow friction
factor estimates f, obtained in the fully developed flow region
downstream of the inception point (Zhang and Chanson 2015;
Fig. 8, hollow circle symbols). Amador (2005) and Meireles (2011)
presented velocity measurements in the developing flow region
of skimming flows: the application of the momentum integral
equation gave on average f;; ~ 0.08 to 0.12 (Table 2). Both the
data of Meireles (2011) and Frizell et al. (2013) suggested a larger
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dimensionless shear stress fj,; for the largest step height &
(Table 2), although these experiments were conducted for different
relative step cavity roughness heights.

For completeness, Amador (2005) reported time-averaged di-
mensionless tangential stresses (p X v, X v,)/(p/8 x V3) between
0 and 0.056 along the pseudobottom formed by the step edges in
the developing flow region. His experimental observations yielded
a spatially averaged dimensionless shear stress f,, ~ 0.27 over the
entire step cavity. For comparison, Gonzalez and Chanson (2004)
measured a spatially averaged dimensionless shear stresses f,,~
0.34, in the fully developed air-water flow region (Table 2).

Finally, a gross estimate of the friction factor might be derived
from the friction slope (S; = —0H,/0x) assuming a fully devel-
oped flow in a wide channel

d 3
foZSXSfX (d—> (5)

where d = flow depth. Eq. (5) was applied in the developing flow
region and the results are shown in Fig. 8 (blue star symbols),
although Eq. (5) is valid only in fully developed flows. The dimen-
sionless shear stress data were close to those derived from Eq. (5),
despite the crude approximation.

Table 2 summarizes the present data, which are compared to
previous studies. All together, the experimental results were close,
despite differences in stepped spillway geometry (i.e., slope, step
height) and instrumentation. For completeness, note that Fig. 8
regroups only the present experimental data.

Conclusions

In skimming flow on a stepped spillway, the developing flow
region consists of a turbulent boundary layer and an ideal fluid
flow above it. Detailed pressure and velocity experiments were per-
formed in the developing flow region on a large 1 V:1 H stepped
spillway model with step height # = 0.10 m. The experimental
data showed a rapidly varied flow motion. While the free-stream
velocity accelerated in the downstream direction as predicted
by the Bernoulli principle, the pressure distributions were not
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hydrostatic. Both velocity and pressure data indicated rapid flow
redistributions between step edges and above each step cavity.
Close to the pseudobottom, a zone of positive pressure and another
of negative pressure were governed by flow stagnation and sepa-
ration at each step edge, respectively.

The application of the von Karman momentum integral equa-
tion indicated an average friction factor of 0.18, which was close
to and slightly lower than the observed air-water flow friction
factor of 0.34. This is believed to be the first study quantifying
the boundary shear stress in both developing clear-water and fully
developed air-water-flow regions in the same facility for the same
range of flow rates. The present findings suggested that the spa-
tially averaged dimensionless shear stress was comparable in the
developing flow region and fully aerated flow region of a stepped
spillway, despite the rapidly varied nature of the developing flow
region.

The present findings highlighted the importance of physical
modeling during the design process. An improper configuration
might lead to the generation of significant free-surface curvatures
and, in turn, adverse negative pressure.
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Table 2. Dimensionless Boundary Stress f = 7,/(p/8 x V3) in Skimming Flows on Stepped Spillways—Average Experimental Results

Developing flow region Aerated region
f MI f Xy f Sf f xy f e
Momentum Reynolds Friction Reynolds Friction
Reference 6 (°) W(m) h(m) integral [Eq. (5)] stress slope [Eq. (5)] stress slope [Eq. (9)]
Present study 45 1.0 0.10 0.182 — 0.222 — 0.345

Gonzalez and Chanson (2004) 15.9 1.0 0.10 — — — 0.34 0.15
Amador (2005) 51.3 0.5 0.05 0.124 0.27* — — —
Meireles (2011) 53.1 1.0 0.04 0.087 — — — —
0.08 0.122 — — — —
Frizell et al. (2013)° 21.8 0.203 0.027 — — 0.089 — —
0.055 — — 0.127 — —
68.2 0.068 — — 0.160 — —
0.136 — — 0.167 — —

Note: f, = dimensionless shear stress in fully developed air-water flows downstream of inception point of free-surface aeration; f,,; = dimensionless shear
stress derived from von Karman momentum integral calculations; fs; = dimensionless shear stress derived from friction slope calculations; f, = spatially
averaged dimensionless Reynolds shear stress along a step cavity; & = vertical step height; W = channel width; (—) = data not available. Bold values indicate
approximate estimates and are not strictly valid.

Calculated by the authors based upon Amador’s (2005) data.

bExperimental data by Matos (1999), Meireles (2004), and Renna (2004).

“Water tunnel data.
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d. = critical flow depth (m); Yu» = upper bound of the shear layer (m);
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momentum integral calculations; p= bwaterd en51lt1y ( gt/ m )’(P i
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along a step cavity; Subscripts
g = gravity acceleration (m/s?):g = 9.80 m/s? in Brisbane, ¢ = critical flow conditions;
Australia; i = inception point of free-surface aeration;
H gy, = dam height (m); MI = momentum integral equation calculations;
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