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Abstract: The paper deals with a unique spillway structure, in which an aerator is incorporated in 10 

each flip bucket to aerate the flow jet and avoid sub-pressure in the air cavity below. In terms of 11 

jet breakup and stability, the physical models and the prototype lead to contradicting conclusions. 12 

CFD is performed to help seek the reason for the discrepancy. With sealed aerators, the model 13 

studies exhibit intact flow jets featuring negative cavity air pressure and oscillations, suggesting 14 

the need for jet aeration. Both the field observations and CFD indicate that the jets break up, 15 

allowing air to penetrate into the air cavities. The resulting cavity air pressure drops are small. 16 

The discrepancy is due to the effect of surface tension in the physical models leading to the 17 

formation of the enclosed air cavities with negative air pressure, which together with air 18 

entrainment in the tail-water gives rise to the jet oscillations. It is suggested, for similar flow 19 

phenomena, that compound modelling be performed so as to make amends for physical model 20 

test results.  21 
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Introduction 23 

In a high-head hydropower scheme, an aerator is often constructed to alleviate the near-wall sub-24 

pressure and inhibit cavitation damages in the structure. The principal types of aerators are 25 

offsets, deflectors, grooves and combinations of these. The mechanism of cavitation and the 26 

methodology of aerator design can be found in e.g. Pinto et al. (1982), Pinto and Neidert (1983), 27 

Falvey (1990), Wood (ed. 1991), ICOLD (1992) and Bhosekar et al. (2007). In spite of its early 28 

use in dam structures, the recent decades have still evidenced laboratory investigations of 29 

aerators, the purpose of which is to explore air entrainment and two-phase flow characteristics in 30 

chute spillways (Kramer 2004, Kramer et al. 2003, 2004, 2006, Pfister 2011, Pfister and Hager 31 

2010a, b, Yang et al. 2014). The combination with numerical modelling has contributed to the 32 

understanding of the complex aerator flows, especially under prototype conditions (Zhang et al. 33 

2008, Aydin and Ozturk 2009, Jothiprakash et al. 2015).  34 

An aerator may be adopted for another purpose, i.e. to aerate a trajectory flow and help mitigate 35 

the downstream impacts of an otherwise concentrated, sub-pressured water jet. Due to geological, 36 

hydraulic or other constraints, the possibility to construct a stilling basin or plunge pool is limited 37 

in the downstream area, which is the case in some Swedish dams. As an alternative, an aerator is 38 

incorporated in a flip bucket within the spillway opening to aerate and stabilize the free falling 39 

nappe.  40 

A variety of flip bucket forms is usually used as an end to a chute or channel spillway to generate 41 

a free falling water jet (Novak et al. 1997, Chadwick and Morfett 1993, Vischer and Hager 1995). 42 

The lower edge of the jet is connected with the atmosphere from the sides; no aeration is needed 43 

to achieve a free flow jet. However, if a flip bucket, with a width less than the spillway opening 44 

width, is constructed on the chute between the spillway piers, the falling jet generates, together 45 



with the tailrace water, an enclosed air cavity beneath. Due to the air uptake, both by the jet itself 46 

and at the impingement location, the cavity needs presumably to be aerated so as to avoid sub-47 

pressure in it and subsequently jet oscillations. With the layout, the falling jet spreads over a 48 

larger area, thus reducing the impacts on the foundation downstream. 49 

The Gallejaur spillway features a built-in aerator in each of the three flip buckets surrounded by a 50 

spillway pier on each side, providing a suitable basis for a general study (Fig. 1). The hydraulic 51 

model studies performed twice were both based on the Froude law similarity, suggesting that 52 

aerators should be required to aerate the flow. Prototype flood observations pointed, however, to 53 

a contradicting conclusion. With this background, numerical simulations are performed of the 54 

prototype spillway. The purposes are to understand the two-phase flow characteristics of the flip 55 

bucket-shaped aerators and to clarify the discrepancy between the model tests, prototype 56 

observations and CFD modelling of the trajectory flows involving air entrainment. 57 

Spillway configuration 58 

The Gallejaur hydropower scheme is located in North Sweden. Its spillway structure is placed in 59 

an embankment dam with a maximum height of 15 m. It has two openings with upward-going 60 

radial gates and an artificial discharge canal exists downstream. The spillway layout is shown in 61 

Fig. 2. Each opening is B = 12 m wide, with a sill elevation at +303.6 m. Corresponding to the 62 

full reservoir water level (FRWL) +310.0 m, the water head H0 = 6.4 m and the free discharge 63 

capacity of each openings is Q0 = 360 m3/s.   64 

In each spillway opening, there exist three flip buckets at two differentiated levels, covering 50% 65 

of the opening width (Fig. 3). The slope of the chute bottom where the buckets are located is 45°. 66 

The middle bucket is situated upstream of the two side ones and has a larger lip angle and a 67 

somewhat larger width. In each flip bucket, there is an aeration channel to provide air from the 68 



space below the chute to the nappe, thus allowing the jets to develop freely and achieving 69 

effective energy dissipation. In each opening, the layout is symmetrical about the opening axis. 70 

The aerator and flip-bucket dimensions are summarised in Table 1.  71 

The spillway is a hollow structure. All the aerators were previously left open to the atmosphere. 72 

Due to their upward shape, water of non-negligible amount came, upon the opening of the gate, 73 

through the aerators, falling on the hoardings in the space below the chute, which gave to 74 

practical problems for the plant operation. On account of this, the aerators were sealed with 75 

stainless steel plates (S1, S2 and S3 in Fig. 3). 76 

Physical model tests 77 

Physical model tests of the spillway were performed twice, i.e. first during 1960–62 before the 78 

dam was constructed and then during 2003–04 when the dam was refurbished in the light of the 79 

revised flood and dam-safety guidelines (Yang and Cederström 2006, Yang et al. 2006).  80 

Physical model  81 

The scale of the first spillway model was 1:40. At that time, it was not a common practice to 82 

write a test report. As a result, except for some diagrams of spillway discharge, the tests was 83 

poorly documented, leaving no further information to be found respecting the function of the 84 

buckets and aerators.  85 

In connection with the safety evaluations and refurbishment, a second model was constructed. 86 

The issues raised then were not obvious to address without model studies (Yang and Amnell 87 

2004). The model was based on the Froude law of similarity and built in the same scale (1:40). It 88 

included a 200 m river reach upstream, the spillway structure and the discharge canal 89 

downstream (350 m). Within each spillway opening, the flip buckets with aerators were 90 



constructed with correct configuration (Fig. 4).The major issues of concern in the studies 91 

included the spillway discharge capacity, aerator function, jet behaviour, energy dissipation and 92 

stability of the canal rip-rap protection.  93 

Test findings 94 

To observe the need for aeration, all the three aerators in the left spillway opening were sealed, 95 

while those in the right one were left open so that air could come in from below the chute. The 96 

examined reservoir water stage was kept at the FRWL. The total flow rate varied, in a number of 97 

steps, corresponding to the prototype spillway discharge from 100 to 720 m3/s. The two radial 98 

gates were kept partially open with the same opening height if the flow rate was below 720 m3/s.   99 

Fig. 5 shows the flow patterns at a few representative stages, corresponding to the single-opening 100 

discharge Q = 50, 100, 200, 250, 300 and 360 m3/s. At flow discharges lower than 50 m3/s 101 

inclusive, one could see three free-falling, fully aerated jets in each opening; no difference was 102 

observed between the two openings. With an increasing discharge, the middle aerator spread the 103 

water more and more across the opening, so that an enclosed water cavity surrounded by a thin 104 

water film above, in the form of a cupola, was formed. Due to the differences in their positions 105 

and the lip angles, the middle jet reached higher, while the side ones extended somewhat further 106 

downstream. The collision of the middle and side jets, with either sealed or open aerators, 107 

resulted in a water curtain on each side of the middle jet.    108 

For the aerated right opening, the air pressure inside the middle bubble was the atmospheric 109 

pressure, which held true even for the side aerators. With smoke as tracer, one could observe the 110 

air motion through the aerators. For the left opening, the jet shapes were obviously affected by 111 

the blocked air passage. Without any aeration, the water jets simply shrank, in both width and 112 

flow direction. Most obvious was for the middle flip bucket.  113 



In the left opening, high-sensitivity differential manometers were used to measure the air pressure 114 

pa (N/m2) in each air cavity below the water jets. As a function of Q/Q0, Fig. 6 shows the 115 

averaged results of the air pressure drop, denoted as ∆p = patm − pa, where patm = the atmospheric 116 

pressure (N/m2). For the side cavities, the jets became sub-pressurized if Q > 100 m3/s. For the 117 

middle one, the cavity air pressure dropped below patm already from Q > 50 m3/s. As the flow rate 118 

increased, the pressure drop in the former was however larger than in the latter. At e.g. Q/Q0 = 119 

0.83, ∆p = 127 and 49 N/m2, respectively. With the increasing flow discharge up to Q/Q0 = 1.17, 120 

all the air cavities remained intact, without any jet breaking up (no further data of ∆p are shown 121 

as the aerators were filled with water). On account of the air pressure drop that fluctuated with 122 

time, the jets oscillated in the flow direction, though in a very low frequency. The middle jet of 123 

the unaerated left opening did not reach as farther as that in the aerated right opening; the 124 

difference is 4–8 cm between the impingement points (measured along the opening centrelines).  125 

The smooth jet surfaces of only black water in the model reminded one of the surface tension 126 

effects. However, no further efforts were made at that time to examine the issue.  127 

In the model tests, the examined reservoir water levels covered the normal interval of operation 128 

ranging from 1.0 m below the FRWL to 1.0 m above. Tests were also made to instead seal the 129 

aerators in the right opening and leave the left one open. The aerators exhibited the same 130 

discrepancy and aeration was needed to obtain free falling jets.   131 

Field flood release 132 

The spillway structure was refurbished with a number of upgrade measures, so that the design 133 

flood is discharged without jeopardizing the structural integrity of the dam. As part of the 134 

inspection procedures, tests of spillway flood discharge were made 2006. Together with 135 



recordings of water stages and wave motions in the downstream channel, one primary concern of 136 

the field tests was to check the flow jet behaviors and aerator function (Bond 2006).  137 

The reservoir water-level elevation was 0.37 m below the FRWL. The downstream water stage in 138 

the channel was dependent on the discharge. Both spillway openings were tested, but only one 139 

opening at a time. The sequential discharge for the spillway gates was similar. For the right gate, 140 

the diagram of the flow discharge is shown in Fig. 7. The gate opened at 10:38 and closed at 141 

12:18, implying that the release lasted 100 min. The duration of the free discharge at the full gate 142 

opening was approximately 35 min; the corresponding flow rate was Q = 320 m3/s, with the 143 

downstream water level at +299.67 m (water depth 5.1 m). Fig. 8 shows the jet pattern at the full 144 

gate opening. 145 

The field flood tests were carried out with all the sealing plates S1, S2 and S3 in place and no 146 

aeration was provided. Observations were made at several locations, both from the dam crest and 147 

close to the jets from the downstream side. Some simple measurements were also performed. 148 

With the increase of the flow discharge, the formation of a stable jet over the middle bucket was 149 

evident and it occupied almost the whole opening width. At the peak flow that lasted about 35 150 

min, the observation team came to the following conclusions. 151 

(1). the extent of the black water of the middle jet is clearly seen, vanishing by estimation at   152 

about 3 m above the water surface.  153 

(2). as indicated from the jet impingement location, the middle jet was stable without any 154 

fluctuations in the flow direction. After examination of video recordings from both the model and 155 

prototype tests, one could state that, in the flow direction, it exhibited the same shape as the free 156 

falling jet in the model tests.  157 

(3). the jets over the side flip buckets were not easy to observe due to the strong air entrainment 158 

in the surface water.  159 



(4). no measurements were made of jet air concentration during the observations.  However, there 160 

were strong indications that the laterals and the lower part (above the water surface) of the middle 161 

jet were aerated throughout the jet thickness.  162 

Each plate was anchored to the flip bucket with small screws. By estimation, the plates could 163 

withstand an air-pressure drop by 450–550 N/m2 (prototype dimension).  It was expected that the 164 

side plates (S1 and S3) would be simply torn down first if the pressure fell below this limit during 165 

the discharge. Upon completion of the flood tests, however one could see that the plates were still 166 

in place, without any indications of movement or damages.  167 

Numerical simulations  168 

Whether or not the spillway flow needs to be aerated is of major concern for the dam operation. 169 

The fact that the observed field behaviors diverge from the model test results motivates one to 170 

seek the reasons. It is recommended that numerical simulations should be performed to help 171 

explain the ostensible discrepancy. The main purposes of the CFD modelling are therefore 172 

twofold: to reproduce the flow behaviors of the prototype spillway and to clarify, in terms of jet 173 

trajectory and aeration, the differences between the model and the prototype.  174 

A three-dimensional CFD model was setup for the spillway with three flip bucket-aerator pairs; 175 

the two-phase model used was the Volume of Fluid (VOF) in FLUENT (ANSYS Inc. 2011).   176 

Two-phase flow model  177 

The VOF model is often used to solve two or more immiscible fluids, especially in cases where 178 

the interest lies in finding the interface between the phases (Hirt and Nichols 1981). In the model, 179 

a set of continuity and momentum equations are used commonly for both phases; the volume 180 

fractions in each cell are tracked throughout the computational domain. To calculate the interface 181 



between two phases, the Geometric reconstruct scheme is adopted. The spillway flow features 182 

free water surface with strong turbulence and air entrainment. The Realizable k-ε turbulence 183 

model is a suitable method for modeling the behaviors of turbulent free-surface flow. For 184 

diversified hydraulic issues, the VOF model is often applied to solve the behaviors of free-surface 185 

flows including free falling jets (Savage and Johnson 2001, Ho et al. 2001, Kirkgoz et al. 2009, 186 

Jothiprakash et al. 2015, Satrapa et al. 2015, Baena Berrendero et al. 2015). A detailed 187 

description of the model can be found in e.g. ANASYS Inc. (2011), Andersson et al. (2013) and 188 

Liu and Yang (2014). 189 

Geometry, grid and boundary conditions  190 

The numerical simulations are based on the prototype dimensions. Because of the symmetry of 191 

the approaching flow, only half of the spillway is modeled (Fig. 9). The length of the entire 192 

computational domain is 100.2 m. The reservoir length, width and height are 60.0, 22.3 and 18.9 193 

m, respectively. The outflow boundary width is 11.5 m. The distance between the spillway crest 194 

and the outflow boundary surface is 38.1 m.  195 

The software Gambit is used to discretize the computational domain.  Fig. 10 shows the 196 

numerical grid. Due to the irregular geometry of the two aerators, both structured and 197 

unstructured grids are adopted. 198 

All the air boundaries and the aerator boundaries are connected with the atmosphere and are set 199 

as air pressure inlets. The reservoir boundary surfaces are treated as water pressure inlets with 200 

hydrostatic pressure of the reservoir defined by a user defined function (UDF). The outflow 201 

boundary surface is given as pressure outlet with hydrostatic pressure of the water depth 202 

downstream in the canal. The remaining boundaries are treated as no-slip walls. 203 



Grid-independent solution 204 

Grid convergence is checked to guarantee grid-independent solutions. Three grids are examined, 205 

with the number of elements as 405,000 (coarse), 723,000 (medium) and 1,001,000 (fine). The 206 

grid size adjacent to the spillway wall boundary is 0.2 mm. The non-dimensional wall distance, 207 

y+ = uτd/υ, is in the range of 20–70, where uτ = shear velocity and d = distance from the spillway 208 

wall boundary. The Enhanced Wall function is used to resolve the viscous layer. In the light of 209 

the recognized practice, the values of y+ in a wall boundary layer should be between 10 and 100. 210 

That means that the grids in the near-wall region are fine enough to represent the flow in the 211 

boundary layer (ANASYS Inc. 2011).The convergence criterion is the residual values of the 212 

spillway flow discharge and air volume fraction at a selected location of the middle jet. The 213 

results show that the medium grid is sufficient for the simulation. For the iterative convergence, 214 

each time step has 30 iterations and the residuals drop below at least three orders of magnitude as 215 

recommended by Celik et al. (2008). 216 

Flow cases  217 

Two flow cases are modelled (Table 2). Case A corresponds to the field flood test situation and 218 

Case B to the flow discharge at the FRWL. In both cases, only one spillway opening is in 219 

operation and the aerators are blocked. The channel water level is, after calibration, determined 220 

with the help of 1D simulations performed for the downstream channel.  221 

For each case, four longitudinal profiles (M1–M4) and four verticals (T1–T4) are selected to 222 

illustrate the flow characteristics (Fig. 11). M1 and M2 are along the symmetrical plane of the 223 

middle aerator and its edge; M3 is along the side bucket’s inner edge and M4 along its outer edge 224 



facing the spillway pier. T1–T4 are located downstream of the side aerators, with T1 at their 225 

lower edges. The distance between two neighboring locations is 2.0 m.  226 

Results and discussions 227 

Parallel computing was performed on a workstation with an 8-core processor. The CPU time of 228 

each simulation of 18 s is 7 days; the computations converge after about 10 s. Fig. 12 shows, 229 

within the middle air cavity in Case A, the time variations of water surface elevation Z1 (water 230 

depth H1) at the intersections of M1 with T3 and T4. At the start of the simulation, the whole 231 

channel has the same level at +299.67 m (Table 2). Due to the shallow water that limits the water 232 

exchange between the jets and the channel bottom, the water upstream of the impingement is 233 

gradually depleted. As a result, after the convergence, its average water-surface elevation at T3 234 

and T4 is 3.2 m lower than that immediately downstream of the impingement.  235 

The discharge capacity is often a factor of concern in spillway upgrades (Miller ed. 1994). 236 

Compared with the hydraulic model tests performed during 1960–62 and 2003–04, the maximum 237 

difference of the numerical simulations is below 2.5–3.5% in Case A and B. The agreement 238 

shows that the spillway flow upstream of the flip buckets is well reproduced in the CFD model. 239 

Jet flow characteristics 240 

Fig. 13 gives a bird’s-eye view of the trajectory surface outlined by the water fraction VOF = 0.8 241 

and colored by the flow velocity magnitude. Fig. 14 and 15 show the behaviors of the flow 242 

trajectories and the air cavities along M1–M4 and T1–T4. The diagrams are colored by the VOF 243 

of water and air overlaid with flow velocity vectors.  244 

The lip Froude number is defined as F = u/(gh)0.5, where u = water-flow velocity (m/s) at the lip, 245 

h = water-flow depth (m) at the lip and g = gravitational acceleration (m/s2). The lip elevation of 246 



the middle flip bucket is +304.45 m; its values of h and u are 1.5 m and 8.5 m/s, resulting in F = 247 

2.2. Along e.g. M1, the black water zone starts to disappear from elevation +305.7 m; the jet 248 

starts to break up approximately from elevation +303.0 m and downwards to the downstream 249 

water surface. The jet becomes thinner and the black water terminates earlier along the jet sides. 250 

The breakup zone, together with the jet impingement area, provides air passage between the 251 

atmosphere and the air cavity, which is evidenced by the air movement pattern in it.   252 

For the side buckets with a lip elevation at +301.95 m, the h and u values amount to 2.4 m and 253 

9.7 m/s, giving F = 2.0. Along e.g. M3, the black starts to vanish at the elevation +301.1 m; the 254 

jet dissociates in the vicinity of the downstream water surface. Due to the confinement of the 255 

spillway pier, the jet thickness is larger along the outer edge. Another phenomenon is that the 256 

middle and side jets collide with each other, thus giving rise to an aerated rooster tail above the 257 

ordinary jet.  258 

The VOF diagrams at T1–T4 show the development of both the jets and the air cavities. At T1, 259 

the air cavity configurations are evident. At T2, the water curtain already breaks up between the 260 

middle and side cavities. Further downstream, the water jets break up and air comes into the 261 

cavities through the jets.  262 

For Case B, the downstream water stage is 0.14 m higher than that in Case A. Fig. 16 and 17 263 

illustrates the results along M1–M4 and T1–T4. For the middle bucket, the values of h and u are 264 

1.8 m and 9.5 m/s (F = 2.3); for the side buckets, they are 3.1 m and 11.0 m/s (F = 1.7). The flow 265 

pattern is similar to that in Case A. A minor difference is that the central part of the middle jet 266 

does not break up and extends all the way to the downstream water surface, which is obviously 267 

due to the larger water jet thickness.  268 



Comparisons with model and prototype tests 269 

The CFD modelling provides a suitable basis for comparisons with the model and prototype tests. 270 

As limited measurement data were available from both, the comparisons were primarily made in 271 

a qualitative manner, which seemly clarifies their discrepancies against the model tests.   272 

All the air cavities in the model tests were intact and surrounded by black water without any 273 

breakup. The jet breakup is evident in the CFD modelling. The air penetration from the laterals of 274 

the middle jet observed in the prototype coincides with the CFD results. This implies that the 275 

water curtain was penetrated, allowing air, although not completely freely, to enter into the 276 

cavity. Part of the cavity air was entrained by the jet at the impingement zone. As a result, small 277 

negative pressure still occurs in the cavities. Fig. 18 shows the change of ∆p with time, measured 278 

roughly in the centroid of each cavity.  For the middle and side cavities, the time-averaged values 279 

are 100 and 180 N/m2. Without jet breakup, the cavity pressure drop would be much larger. The 280 

forces acting on the aerator covers correspond to approximately 240 and 195 N.  281 

For the middle jet, the horizontal distance from its impingement location (centerline) to the lip 282 

position is 11.98 m in the CFD modelling, which can be compared to approximately 12.30 m 283 

(after scale-up) for the unsealed aerator in the model tests. This means that the pressure drop in 284 

the prototype is small and does not affect the jet trajectory.  285 

In the model, the occurrence of the so-called rooster tail, due to the collision of the neighboring 286 

jets, is evident with distinct boundary, as it was caused by black water.  The rooster-tailing is also 287 

present in both the prototype and CFD, but somewhat diffused due to air entrainment. 288 

Nevertheless, there is similarity between them in this aspect.  289 

The thickness of the middle jet is small in the model; the thinnest central part is above the 290 

downstream water surface, estimated at only 4–5 mm. Due to the air pressure change in the 291 



cavity, the jet is stable and intact but oscillates in the flow direction. However, in the prototype 292 

and CFD, all the jets including the middle one are steady without any oscillation; the cavity 293 

pressure drop is small and can’t bend the jet flow.  294 

For Case B with the reservoir water stage at the FRWL, the change of ∆p as a function of time is 295 

given in Fig. 19. The time-averaged values of ∆p are 155 and 245 N/m2 for the middle and side 296 

cavities; the corresponding forces acting on the aerator covers are 370 and 265 N, respectively.  297 

Some reflections  298 

The physical models were built in a scale of 1:40 and the tests obeyed the Froude law similarity. 299 

With the aerators sealed, the jet impingement entrained air and gave rise to negative pressure in 300 

each enclosed air cavity formed by the unique layout of the buckets. The air pressure drop was 301 

large enough to bend the trajectory flow. Despite of this, the jet remained intact without breakup. 302 

Obviously for the middle jet, the jet existed as a sheet of black water with smooth surface (Fig. 303 

5).   304 

A physical model based on the Froude similarity applies theoretically to flow phenomena with 305 

free water surface without negative air pressure. If air entrainment is involved and gives rise to a 306 

negative air-pressure cavity, air flow doesn’t satisfy the gravity similarity criterion (Marcano and 307 

Castillejo 1984, Shi 2007, Zheng et al. 2010). In Gallejur’s model, the air entrainment causes 308 

negative pressure in the enclosed air cavities and changes the behaviors of the falling jets. For the 309 

overflow spillway of Gebindem Dam, Switzerland, Heller (2011) compared pictures from the 310 

physical model tests and the real-world prototype and illustrated the considerable difference 311 

between them due to non-identical Weber numbers.  312 

The lip Reynolds and Weber number are defined as R = (uh)/υ and W = u/(σ/ρh)0.5, where ρ = 313 

density of water (kg/m3), σ = surface tension coefficient (N/m) and υ = kinematic viscosity of 314 



water (m2/s) (Roberson and Crowe 1993). In Table 3, the measured h and u values in the 2003–315 

04 model studies are summarized for Case A and B; the values differ only slightly from the CFD 316 

results. R and W are also derived at the 20°C water temperature.   317 

The R and W range are (4.5–11.0)×105 and 30.3–50.9. If R > 1.0×105 and W > 110, the effects of 318 

viscosity and surface tension become insignificant in model studies (Maxwell and Weggel 1970, 319 

Novak and Cabelka 1981, Peakall and Warburton 1996, Novak et al. 1997, Heller 2011). 320 

Obviously, R satisfies the criterion but W is well below the limit, implying that the forces of 321 

surface tension are still appreciable due to the small dimension of the model.   322 

The surface tension can be mitigated in a larger model. However, construction of such a model is 323 

sometimes limited by such factors as costs and space. Another option is to combine the physical 324 

model tests with numerical simulations, i.e. so-called compound modelling (Barfuss 2013, Heiner 325 

and Barfuss 2015). By correct comprehension of the flow phenomena, certain corrections or 326 

compensations can be made to obtain approximate solutions, even from a small scale model.  327 

Conclusions 328 

Within each spillway opening, three flip buckets were constructed on the steep chute to mitigate 329 

the flow impacts downstream. In terms of the aerator layout, the incorporation of an aerator in the 330 

bucket provided a unique configuration. The physical model tests pointed to the need of aeration 331 

of the jet flows. The discrepancy in the trajectory behavior observed in the prototype is the 332 

motivation of the numerical modelling. The main findings are as follows. 333 

The physical model tests were performed in the 1:40 scale models. Whether or not the aerators 334 

were sealed, the air cavities were enclosed by flow jets that were intact and did not break up. If 335 

the aerators were sealed in one opening, the jets were bent down and did not reach as farther as 336 

the unsealed ones. As a result, the air cavities exhibited negative air pressure, resulting in 337 



oscillating jets in the flow direction. The need to aerate the flow was thus evident from the model 338 

tests. 339 

To verify the flow behaviors of the spillway, prototype flood discharge was performed. All the 340 

aerators were covered with steel plates. It was observed that all the jets were stable without any 341 

oscillations. The aerator covers remained in place after the flood tests, suggesting that the 342 

resulting negative pressure in the cavities were limited, which made the installation of the 343 

aerators questionable.  344 

With the aerators sealed, CFD modelling is performed to examine the jet trajectory 345 

characteristics. The termination of the black water with jet breakup is evident, which allows air to 346 

enter, although not completely freely, into the air cavities. The results are also conformable to the 347 

prototype where the middle jet is aerated laterally. The jets do not oscillate with stable 348 

configuration. The resulting cavity air pressure is also small.  349 

Both the prototype and CFD studies differ from the model test results. The predominant 350 

discrepancy is the jet enclosure and instability, which is partially due to the non-identical Weber 351 

numbers. Another aspect is that, if negative air pressure is present, the air flow and jet 352 

characteristics cannot be correctly modelled in a Froude similarity model. Along with physical 353 

model tests, numerical modelling is helpful to understand the trajectory flow involving air 354 

entrainment.   355 

 356 
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Notation 381 

The following symbols are used in this paper: 382 

B 

d 

= spillway single-opening width (m) 

= distance from the spillway wall boundary (m) 

F = Froude number (–) 

G = gravitational acceleration (m/s2) 

H0 = upstream water head (m) 

H1 = downstream water depth (m) 

h = water-flow depth at the flip-bucket lip (m) 

pa = cavity air pressure (N/m2) 

patm = the atmospheric pressure (N/m2) 

R = Reynolds number (–) 

Q = single-opening water discharge (m3/s) 

Q0 = single-opening water discharge (m3/s) at the FRWL 

u 

uτ 

= water-flow velocity at the flip-bucket lip (m/s) 

= shear velocity (m/s) 

W 

y+ 

= Weber number (–) 

= non-dimensional wall distance (–) 

Z1 

∆p 

= downstream water-surface elevation (m) 

= air cavity pressure drop (N/m2) 

ρ = density of water (kg/m3) 

σ = surface tension coefficient (N/m) 

υ = kinematic viscosity of water (m2/s) 
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Table 1. Geometrical parameters of flip buckets and aerators 497 

Parameter Middle bucket Side buckets 

Flip bucket 

Width (m) 2.32 1.84 

Lip angle with the horizontal (°) 56.5 25.5 

Lip elevation (m) +304.45 +301.95 

Aerator cross-
sectional size  

Width (m) 1.20 1.12 

Height (air flow direction) (m) 1.81–1.91      0.94–1.38 

Aerator cover  Effective area (m2) 2.29 (S1) 1.05 (S2, S3) 
 498 

Table 2. Flow cases simulated with one spillway opening in operation 499 

Case Reservoir 
water level (m) 

Q (m3/s) Aerator air 
passage 

Channel water 
level (m) 

A FRWL–0.37 320 Sealed  +299.67 

B FRWL 360 Sealed   +299.81 
 500 

Table 3. Values of h and u in Case A and B in the 1:40 model  501 

 Case A Case B 

Middle aerator Side aerator Middle aerator Side aerator 

h (m) 0.04 0.06 0.05 0.07 

u (m/s) 1.3 1.5 1.4 1.7 

R 4.5×105 9.1×105 6.4×105 11.0×105 

W 30.3 44.1 35.7 50.9 
 502 
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 509 

Fig. 1. Spillway with flip buckets and aerators at Gallejaur 510 

 
 

Fig. 2. Spillway layout: (a) downstream view; (b) longitudinal profile 511 

 
 

Fig. 3. Flip buckets with aerators: (a) downstream view (covered with steel plates S1, S2 and S3); 512 

(b) longitudinal profile 513 



 514 

Fig. 4. Spillway with flip buckets and aerators in the model (scale 1:40) 515 

 
(a) 

 
(b) 

 
(c) 

 
(d) 



 
(e) 

 
(f) 

Fig. 5. Flow patterns with and without aeration at the FRWL: (a) Q = 100 m3/s, (b) Q = 200 m3/s, 516 

(c) Q = 400 m3/s, (d) Q = 500 m3/s, (e) Q = 600 m3/s; (f) Q = 720 m3/s 517 

 518 

Fig. 6. Measured air cavity pressure drop with aerators blocked 519 



 520 

Fig. 7. Prototype flood tests, the change of spillway discharge with time 521 

 
(a) 

 
(b) 

Fig. 8. Water jets at free discharge 320 m3/s (Case A) 522 

 523 

Fig. 9. Geometry of computational domain 524 



 

(a) 
 

(b) 

Fig. 10. Computational grid: (a) overall view; (b) at the aerators 525 

 526 

Fig. 11. Definition of longitudinal profiles M1−M4 and vertical positions T1−T4 527 

 528 



Fig. 12. Change of Z1 (H1) as a function of time at intersections of M1 with T3 and T4 529 

 530 

Fig. 13. A bird’s-eye view of flow profiled by water fraction 0.8 and colored by velocity 531 

magnitude 532 
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(d) 



Fig. 14. Behaviors of flow trajectories and air cavities along M1–M4 (Case A): (a) M1, (b) M2, 533 

(c) M3; (d) M4 534 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 15. Behaviors of flow trajectories and air cavities at T1–T4 (Case A): (a) T1, (b) T2, (c) T3; 535 

(d) T4 536 
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(b) 

 
(c) 

 
(d) 

Fig. 16. Behaviors of flow trajectories and air cavities along M1–M4 (Case B): (a) M1, (b) M2, 537 

(c) M3; (d) M4 538 
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(c) 

 
 

(d) 
Fig. 17. Behaviors of flow trajectories and air cavities at T1–T4 (Case B): (a) T1, (b) T2, (c) T3; 539 

(d) T4 540 

 541 

Fig. 18. Fluctuations of ∆p with time, measured in the centroid of each air cavity (Case A) 542 



 543 

Fig. 19. Fluctuations of ∆p with time, measured in the centroid of each air cavity (Case B) 544 
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