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Drag reduction in skimming flow on stepped spillways by aeration

Réduction du frottement des écoulements écumant sur les seuils en marches
d’escalier par aération

H. CHANSON, Readeffluid Mechanics, Hydraulics and Environmental Engineering, Department of Civil Engineering,
The University of Queensland, Brishane QLD 4072, Australia. Fax: (617) 33654599; e-mail: h.chanson@uq.edu.au

ABSTRACT

In skimming flows on stepped spillway, flow resistance is predominantly a form drag process. Cavity recirculation and air entrainment are intel
The interactions between entrained air bubbles and mixing layers may cause some reduction in flow resistance. The paper presents new evi
showing a reduction in friction factor in skimming flow with increasing free-surface aeration. The experimental data are based upon detaied air—w
flow measurements in large size models and may be extended to prototypes. The results might suggest some drag reduction, although compg
clear-water flow data are rare.

RESUME

Dans les écoulements écumant sur seuils en marche d’escalier, la résistance a I'écoulement est principalement une résistance de fornt@rLa recirc
en cavite et I'entrainement d’air sont intenses. Les interactions entre les bulles d’air entrainées et les couches de mélange peuvent cainger une (
réduction de résistance a I'écoulement. Cette note présente de nouvelles preuves d’'une réduction du facteur de frottement dans I'écoulément éc
avec l'augmentation de I'aération de surface libre. Les données expérimentales sont basées sur des mesures détaillées d’écoulement air—eau
modeéles de grande taille et peuvent étre extrapolées aux prototypes. Les résultats pourraient suggérer une certaine réduction de frottement, bi
les données comparables d'écoulement d’eau claire soient rares.

Keywords: Skimming flow, stepped spillway, flow resistance, drag reduction, air entrainment.

1 Introduction expertise suggests that the dimensionless friction coefficient (or
Darcy friction factor) is about 0.1-0.3 (e.g. Table 1, column 6).
Stepped spillways have been used for more than 3500 yeargiowever air entrainment is always significant downstream of the
because of the ease of construction and design simplicity. Sincenception point and the flow resistance may be affected by some
the beginning of the 20th century, stepped chutes have beenlrag reductioninduced by free-surface aeration. Recently incom-
designed more specifically to dissipate flow energy (e.g. Newplete evidences of drag reduction were produced independently
Croton dam). Recently, new construction materials (e.g. RCC,by Boes (2000) and Chanson (2001).
strengthened gabions) have increased the interest for stepped Itis the purpose of this paper to assess critically the effects of
channels and spillways. The construction of stepped chutes idree-surface aeration on flow resistance in skimming flows. New
compatible with the slipforming and placing methods of roller air—water flow experiments were performed with channel slopes
compacted concrete, with the construction techniques of gabiorof 16° and 22. The results are compared with the re-analysis
dams and with the precast concrete block system technique (e.gf existing data (Table 1) and they demonstrate some reduction
Peyrast al., 1992; Chanson, 2001). in flow resistance caused by free-surface aeration, although the
On a given stepped chute, low flows behave as a suc-basic mechanism differs from smooth-invert chute flows.
cession of free-falling nappes while, at large discharges, the
water skims over the pseudo-invert formed by the step edges
(Fig. 1). The skimming flow regime is characterized by strong, 2 Experimental investigations
three-dimensional cavity recirculation, and the flow resistance
is primarily a form drag process (Rajaratnam 1990; ChansonNew experiments were conducted at the University of
et al., 2000). For the past decades, there have been a debat®ueenslandina5-mlong, 1-mwide chute (Table 1). Waters were
on flow resistance estimate in skimming flows, with experimen- supplied from a large feeding basin leading to a sidewall conver-
tal results spreading over three orders of magnitude. Currenigent with a 4.8:1 contraction ratio. The test section consisted of
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Figure 1 Skimming flow on a stepped chute — Definition sketch.
Table 1 Experimental data on drag reduction in skimming flows
Reference (2] qw h Re fe Instrumentation Inflow conditions Remarks
©)  (m?s) (m) V % D /v
1) @ @O 4) ®) (6) ) (€ ©)
Chamani and SAF conductivity  Uncontrolled smooth W =0.3m
Rajaratnam (1999) probe WES ogee
51.3 0.0725- 0.313- 25Ex 10° 0.10-0.22
0.205 0.125 —6.0E x 10°
59  0.0725- 0.313- 25Ex 10° 0.12-0.24
0.205 0.125 —59E x 10°
Ohtsuet al. (2000) Optical fibre probe  Uncontrolled W =04m
broad-crest
55  0.031 0.025 I1Ex 10° 0.11-0.22
-12Ex 10°
Matos (2000) SAF conductivity  Uncontrolled WES W=1m
probe ogee, with smaller first
steps built in ogee
development
53.1 0.08-0.20 0.08 BEx 10° 0.06-0.10
—79E x 10°
Boes (2000) Optical fibre probe  Pressurized intake W =0.5m
(jetbox)
30 0.05-0.38 0.046- 1.8Ex 10° 0.09-0.13
0.092 —-L1E x 10°
50 0.065- 0.031- 3.3Ex 10° 0.07-0.12
0.34 0.092 -L1E x 10°
Present study Needle-type Uncontrolled W=1m
conductivity probe broad-crest
21.8 0.10-0.18 0.10 Bx10° 0.07-0.28
-72Ex 10°
159 0.10-19 0.10 BEx 10° 0.11-0.14
—75E x 1P
15.9 0.078 0.05 3Ex 10 0.11

aFull data set in Chanson and Toombes (2001a,b). All flumes were rectangular prismatic channels.
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an uncontrolled broad-crest followed by nine 0.1-m high stepsthe total head and is the distance in the flow direction. The

or eighteen 0.05-m high steps. Two slopes were investigatediotal head and the friction factor were calculated based upon the

6 = 15.9° and 21.8 corresponding to step lengths of 0.35 and air—water flow properties measured at step edges (e.g. Fig. 2).

0.25m (h = 0.1 m) respectively, and 0.125rth = 0.05m, At uniform equilibrium (e.g2 = 0.05m,6 = 15.9°), the flow

6 = 15.9°). The stepped chute had perspex sidewalls and theresistance was calculated using the momentum equation:

flow rate was delivered by a pump controlled with an adjustable 8 V=Yo 3

frequency AC motor drive. fe= —‘g (/ 1- C)dy) sing (2)
Air-water flow properties were measured using conductivity T \Jy=0

probes: a single-tip probe with 0.35 mm sensor size and a doublewheres is the slope of the pseudo-invert formed by the step edges

tip probe with a 25-micron sensor size. The probes were excited€.g. Chansoet al., 2000).

by an air bubble detector (AS25240) and the probe signal was The results were compared with the re-analysis of detailed air

scanned at 5-40 kHz for 20-180's. The translation of the probegoncentration measurements in skimming flows (Table 1). Exper-

in the direction normal to the channel invert was controlled by a imental data obtained in gradually varied flows and in normal

fine adjustment travelling mechanism. The error on the normalflows were computed using Egs. (1) and (2), respectively.

position of the probe was less thay < 0.1 mm. Flow visualiza-

tions were conducted with digital video-camera and high-speed )

still photographs. Further details were reported in Chanson and® EXPerimental results

Toombes (2001a).
Air—water flow measurements showed smooth, continuous dis-

tributions of air concentrations and air—water velocity from the
2.1 Flow resistance calculations pseudo-bottom formed by the step edges= 0) up to the upper
flow region. Figure 2 presents a series of results obtained on the
16° cascadéh = 0.1 m), where the black and white symbols are
respectively, air concentration and air-water velocity data mea-
sured at step edges, and the cross symbols are air concentration

For » = 0.1m, the flow was gradually varied at the down-
stream end of the chute. The equivalent Darcy friction factor
was deduced from the friction sloge:

8¢ y=Yg0 3 data measured at half-distances between step edges. In Fig. 2, the
Jfe= 2 < / . 1-cC )dy> St (1) air concentration data at step edges are compared with a theoret-
w y=

ical model of the air bubble diffusion (Chanson and Toombes,
wheref.isthe pseudo Darcy friction factor for air-waterflaw's ~ 2001a), while the velocity data are compared with a one-sixth
the gravity acceleration,, is the water discharge per unitwidth, power law fory/Ygo < 1.

C is the air Concentratiory, is the distance normal to the pseUdO' For all experimentS, there was a marked Change in air concen-
bottom formed by the step edgé$e is the characteristic distance  tration profiles measured at step edges and above the recirculating
whereC = 90%, S; is the friction slope(S; = —9H /dx), H is cavities. Greater flow aeration was observed consistently between
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Figure 2 Air concentration and dimensionless distributions in skimming flows at step edges and at half-distances between step edge
w = 0.188n?/s,h = 0.1m,H = 159 (present study, double-tip probe). Black symbols: air concentration data measured at step edges; whi
symbols: air-water velocity data measured at step edges; crosses: air concentration data measured at half-distance between step edges.
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Figure 3 Flow resistance in self-aerated skimming flows. (a) Darcy friction fefstas a function of the depth-averaged air concentratige, (b)
relative flow resistancé,/f as a function of the depth-averaged air concentrafigg,

step edges (Fig. 2, cross symbols) than at adjacent step edgegith a correlation coefficient of 0.392. Equation (4) suggests a
(Fig. 2, black symbols), in particular in the fluid layers next to decrease in friction factof, with increasing mean air content
the recirculation cavity (i.ey/ Yoo < 0.3—0.5). Similar observa- in skimming flows. The trend is basically independent of the
tions were reported by Boes (2000) and Magbal. (2001). It pseudo-slope of the invert.
is believed that cavity aeration is caused by air bubbles trapped
in the core of recirculating vortices by inertial forces (e.g. Tooby
etal., 1977). Vortex trapping of bubbles leads to higher air con-
tent in the cavity flow and in the mixing layers downstream of Flow resistance in monophase flows above large roughness is
the step edges (Figs 1 and 5). presented in Fig. 4 as a function of the relative roughness height
Flow resistance data are summarized in Fig. 3, showing thekg/ D whereks is the roughness height ad; is the hydraulic
Darcy friction factorfe as a function of the mean air concentration diameter. The experimental data correspond to relative rough-

3.1 Comparison with monophase flows

Cmeanmeasured at step edges and defined as: ness height similar to relative step cavity heigtttosd / Dy for
y stepped chute flows. Experimental data obtained in mountain
Crmean= i / * Cdy ©) rivers and prototype rockfill channels (white symbols) are com-
Y90 Jy—o pared with clear-water flows above triangular roughness elements

Experimental results white symbol d with the re- (0SS SYMPOIS).
xpler|menfa:j r?S_:J ds (V_V e tsymﬂ ols) are comparet th>| ke re(—j In monophase flows, Wygnanski and Fiedler (1970) observed
analysis of detailed air-water flow measurements (black an experimentally that the maximum shear stress in mixing layers

cross symbols) (Table 1). First, the results show a broad SCat'z‘;xbove rectangular cavities is independent of the distance from

ter which may be caused by differences in slope, instrumentation[he singularity and their data yieldeti= 0.18. For rectangular

a.md inflow conditions (see Table 1, columns 2, 7 and 8, rESpec'cavity flows also, Haugen and Dhanak (1966) and Kistler and Tan
tively). For example, Boes (2000) and Ohetial. (2000) used

1967) observed similar results. Chansbal. (2002) developed
optical fibre probes; Chamani and Rajaratnam (1999) and Matos( ) ( ) P

i : an analytical estimate of the maximum shear stress in the mixing

(2000) used a SAF electrlc.al'probe, while the present St_UdyIayer (Fig. 5). Their development yielded:

used a smaller design of resistivity probe (needle-probe design).

Chanson and Toombes (2001b) discussed specifically the effect  — (5)

of inflow conditions on skimming flow resistance arguing that VK

recirculation cavity instabilities might be related to the inflow where ¥K is a dimensionless rate of expansion of the shear

conditions. Their analysis suggested greater flow resistance witdayer with K ~ 6 in air-water shear flows yielding ~ 0.2.

uncontrolled broad-crest intake than with pressurized inflow. A comparison between all these observations and measured flow
Second, the data exhibit an overall trend which is corre- resistance in air—water skimming flows is presented in Fig. 4,

lated by: where equivalent friction factors in monophase flows over large

roughness ranged between 0.1 and 0.3. The result suggests lower

fe=0.276— 0.288Cmean 0.28 < Crean< 0.60 4) pseudo-friction factors in air—water skimming flows (Fig. 4,

2
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Figure 4 Flow resistance with large roughness elements — comparison between rockfill channel data (white symbols), flows past large rougt
elements (cross symbols) and self-aerated skimming flows (black symbols).

° © YAO o o o o layers (Wood, 1983; Chanson, 1994). An estimate of the drag
0 S, ] R O\ reduction is:
e 0.514— C
-0 . o o o Je _05x [1+tanh<0.628>< —’“‘*‘”ﬂ 7)
o v °f Mixing . f Cmear(1 — Cmean
— layer
° ] o o ° e Equation (7) characterizes the reduction in skin friction associ-
°© ’ o | © T A -l o ated with air entrainment causing a thickening of the “viscous”
,:QJ’ = Tonh < T sublayer (Chanson, 1994). It is plotted in Fig. 3. The trend is
5 .- f\o Coc ) very close to Eq. (6) although the drag reduction mechanism is
Q p entirely different.
. In skimming flows, separation occurs at each step edge and a
g Sﬁﬁ;ﬂfn-;ir shear layer develops with cavity recirculation beneath (Fig. 5). It
Cavity recirculation is believed that drag reduction results from interactions between
Figure 5 Sketch of interactions between developing mixing layer and entrained bubbles and developing mixing layer. Small air bubbles
entrained air bubbles. tend to resist stretching in the shear layer and this leads to some

vortex inhibition. Hydrodynamic interactions between bubbles
black symbols) and the reduction in flow resistance might be affect their orientation in the flow and might play a key role in
correlated by: reducing the instability of the flow as with fibre addition in water
fe 0.52 — Crnean flows (e.g. Azaiez, 2000). Riediger (1989) and Warhetial.
7 =05x [1+tanh<0.71x m)} (6) (2001) visualized interactions between particles and turbulent
. . ) ) _ structures in turbulent shear flows of dilute polymer solutions.
where tanh is the hYP?be“C tangent function and f is an ?SI"They showed the existence of large-scale turbulent structures
mate of form drag friction factor in monophase flow. Equation and a drastic reduction in number of small-scale eddies, hence
(5) IS shoyv.n in Fig. 3 (right yert|cal axis) f_gf = 0.24 (correla- _areduction in momentum exchange across the mixing layers. In
tion coefficient of 0.395). Itis a rough estimate that does satisfy gyimming flows, such a resultyields a reduction in flow resistance
basic boundary conditions: i.efe/f = 1 in clear-water flow according to Eq. (5).
(Cmean= 0) and fe/f negligible inair flom(Cmean= 1). Despite 1, g ;mmary, the strong aeration of both recirculating cavity
some scatter, the trend confirms Chanson’s (1993) assumption - mixing layer, illustrated in Fig. 2, play a major role in the
that free-surface aeration induces a drag reduction process ir?jrag reduction process.
skimming flows above a stepped spillway.

4 Discussion 4.1 Design application

Design engineers must take into account flow aeration to esti-
On smooth-invert chutes, the presence of air within turbu- mate the flow properties used to calculate the flow velocity,
lent boundary layers reduces the shear stress between flowand to dimension chute sidewall heights and downstream energy
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dissipators. The residual head equals: Dy = hydraulic diameter (m)
a2 d = equivalent clear-water depth (m) defined as:
w
Hies = d COSO + 2gd2 (8) d= fOYQO(l _ C)dy

d. = critical depth

f = Darcy friction factor for clear-water (non-aerated) flow
fe = Darcy friction factor for air—-water flow

g = gravity constant (mA or acceleration of gravity

where d is the equivalent clear-water depth [ied =
(1 — CmeanYool- In uniform equilibrium flows, the clear water
depth equals:

d 4 fe ) H = total head (m)

de 8sind Hies = residual head (m) at the downstream end of the chute
for a wide channel, where, is the critical depth, the Darcy h = height of steps (m) (measured vertically)
friction factor f, is estimated using Eq. (6) anftl= 0.24 for flat K = inverse of the spreading rate of a turbulent shear layer

horizontal steps. In Eg. (6), the mean air content may be estimated gw = Water discharge per unit width fits)
as in smooth-chute flows (Wood, 1983; Chanson, 1993, 2001). Re= Reynolds number defined as: ReV Dy /vy

In gradually varied flows, the clear-water depth must be deduced St = friction slope:S; = —9H /dx
from the integration of the energy equation in which the friction ~V = clear-water flow velocity (m/s):V = gquw/d =
slope is estimated as: qu/ [y~ C)dy
5 W = channel width (m)
Sp= \/E x ‘I_W3 (10) x = longitudinal distance (m) measured in the flow direction
8 gd Y90 = characteristic depth (m) where the air concentration is
for a wide channel. Alternately a simplified method may be used, 90%
as developed by Chanson (2001, pp. 174-175). y = distance (m) from the pseudo-bottom (formed by
the step edges) measured perpendicular to the flow
5 Conclusion direction
Greek symbols

Detailed air—water flow measurements in skimming flows down ,, = kinematic viscosity (#/s) of water

stepped chutes were performed and the results are compared with ¢ = channel slope.

the re-analysis of air—water flow studies. Overall the results show

a decrease in air—water flow resistance with increasing mean air

content. Experimental results are compared with experimental

data in monophase flows and this suggests some drag reductioff€férences

caused by free-surface aeration. Although the trend is close to a _

previous result obtained in smooth-invert chute flows, the mech- 1- AZAIEZ, J. (2000). “Reduction of Free Shear Flows Insta-

anism of drag reduction is completely different. In skimming bility: Effects of Polymer versus Fibre AdditivesJ: Non-

flow, drag reduction is caused by interactions between entrained  Newtonian Fluid Mec. 91, 233-254.

air bubbles and developing mixing layers. The process is affected 2 BATHIRST, J.C. (1978). “Flow Resistance of Large-Scale

by a strong cavity aeration induced by inertial effect (Fig. 2). Roughness.J. Hydr. Div. ASCE 104(HY12), 1587-1603.
The present results are limited to flat horizontal steps, chute 3- BATHIRST, J.C. (1985). *Flow Resistance Estimation in

slopes between 16and 60, and mean air contents between Mountain Rivers.”J, Hydr. Engrg. ASCE 111(4), 625-643.

0.25 and 0.65. Further experimental work is required to gain 4 BOES, R:M.(2000). “Zweiphasenstromung und Energieum-

a clearer understanding of the interactions between entrained air ~ S€tZung auf Grosskaskaden.” PhD Thesis, ETHZurich,

and mixing layers for a wider range of flow conditions. Switzerland.
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