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Numerical and physical 
modelling for a complex 

stepped spillway 
J. Willey and T. Ewing, GHD Pty Ltd, Australia 

E. lesleighter, lesleighter Consulting Pty ltd, Australia 
J. Dymke, ActewAGl, Australia 

The process for the hydraulic design of the spillway arrangement for the 85 m-high RCC Enlarged Cotte r 

dam (ECD) is presented. Construction began in November 2009, with de ta iled design scheduled to be 

completed in March 2010. The spillway design process involved the develo pment of a prelimina ry design, 

using theoretical and empirical design methods and published data, analysis and optimization of the 

arrangement through computa tional fluid dynamics (CFD) modelling. Ultimately ve rificatio n and 

refinement was done using scale physical modelling. The development of key aspects of the design is 

presented, together with a limited comparison of the results of the numerical a nd physical modelling. 

T
he Enlarged Cotter dam is on the river of the 

same name, approximately 18 km west of the 

city of Canberra, Austra lia . The spillway design 

concept involves a central stepped tapered primary 

spillway, which is located between stepped secondary 

spillways over each abutment, discharging into cas

cade return channels on the downstream abutment to 

convey the flow to the river channel. 
Following the development of the design concept, 

the complex three-dimensional hydraulics of the 

stepped spillway arrangement were assessed using 

CFD modelling. This modelling first involved the 

two-dimensional analysis of the primary and sec

ondary spillway sections to refine estimates of the 

spi llway d.ischarge coefficients, crest pressure distrib

ution , and to determine the minimum acceptable grid 

scale. A three-dimensional domain was then con

structed, and a range of flows were simulated using a 

multiphase model. Problematic flow features were 

identified , and a set of design modifications were 

evaluated using the CFD model. This rapid evaluation 

process produced an effective spillway arrangement 

for the design and development of the 'Target Outturn 

Cost ' (TOC). This design methodology allowed for 

rapid experimentation with des ign modifications, and 

was shown to be effective, even with the very com

plex geometry of the stepped spillway structure. A key 

benefit was the efficient des ign process leading into 

the physical model study, with both cost and pro

gramme benefits. 
For design verification as part of the detailed design , 

a 1 :45 scale phy ical model of the dam and spillway 

was constructed. Testing of this model provided con

firmation of the adopted preliminary design arrange

ment, allowed refinement and optimization of the 

abutment cascade channels and stilling basin , and pro

vided data for the structural design and calibration of 

the CFD numerical model . 
This paper outlines the clear benefits in terms of pro

gramme and cost which were achieved through this 

design process , and the complementary nature of 

numerical and physical modelling to develop complex 

spillway arrangements. Key design features relevant 

to other similar spillway arrangements, particularly 

the ducted aeration measures, abutment cascade 

arrangement and the energy dissipator, are also dis

cussed. 

1. Project background 
The Enlarged Cotter Dam (ECD) is being developed 

as part of ACTEW Corporation 's Water Security 

Programme. The future water supply for Canbe1Ta, the 

Nation 's capital , is being secured through the con

struction of this new 85 m-high dam, together with a 

suite of other water infrastructure projects including 

an inter-basin water transfer pipeline and increased 

low-lift pump station capacity for river ex traction. The 

ECD is being constructed on the Cotter river , immedi

ately downstream of an existing 30 m-high concrete 

gravity dam. The new reservoir wi ll have a storage 

capacity of 78 000 ML or 20 times the volume of the 

existing reservoir. The ECD project also includes the 

construction of two earth- and rockfill saddle dams, up 

to 16 m high , on the right abutment of the dam. The 

suite of projects is being delivered by the Bulk Water 

Alliance (BWA) which consists of ACTEW 

Corporation and ActcwAGL (the owners), GHD Pty 

Ltd (the designer) and John Holland and AbiGroup 

(the constructors) . Construction work on the Enlarged 

Cotter dam began in November 2009 and is scheduled 

for completion in late 2011 . 

2. Original concept design 
Through initial optimization studies for the dam, a 

straight-crested RCC gravity dam was selected as the 

preferred dam type. A concept design for the spillway 

was developed , which included a 50 m-wide primary 

spillway, with secondary spillways over the crest of the 

dam on both sides of the primary spillway. The sec

ondary spillways discharged into abutment return chan

nels to convey these flows to the river channel at the toe 

of the dam. The left and right secondary spillways had 

crest lengths of 75 m and 125 m , respectively, and oper

ated for floods with an annual exceedance probability 

(AE P) of less than 1:1000. The peak outflow for this 

event is approximately 550 m3/s . The width of the pri

mary spillway was limited by the natural valley width 

at the dam site and the secondary spillways were 

extended to the maximum feas ib le within the con

straints of the total dam crest length of approximately 

300 m. At this stage , the adopted energy dissipator was 

a Type II USBR stilling basin. The adopted maximum 

design flood for the project is the probable maximum 

flood (PMF) which has a peak outflow of 571 0 m3/s. 
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3. Design for development of target 
outtu rn cost 
A key process for the Alliance wa. the progression of 
the de. ign to a stage where the construction method
ology and target outturn cost (TOC) could be devel
oped for the design and con truction of the ECD pro
ject. During this phase, the . pill way design was devel
oped o n the basis of theoretical and empirical design 
methods. and based on reference to past project with 
similar features. Fig. 1 shows a plan of the anange
ment developed during this phase of the project. This 
how the detailed design anangement and includes 

change. made after the development of the TOC and 
discu ·ed in this paper. 

3.1 Primary spillway 
At thi point. the layout of the primary pill way was 
further opti mized by increasing the crest length to 
70 m and providing training walL on a tapered chute 
to bring the flow back to a width of 45 m at the 
entrance to the stilling basin . a taper of 12° on each 
side relative to the spillway centreline. T his allowed 
the non-overflow crest level on the RCC dam and sad
dle dam crest to be lowered by approximately 0.6 m 
and the crest level of the econdary spillways on the 
main dam by about 0 .4 m. Significant savings in RCC 
and saddle dam fill resulted. 

For simpl icity in the RCC construction, it was 
assumed that the downstream face of the dam in the 
primary and econdary spillway would be coplanar. 
The ogee spillway crest for the primary spillway was 
therefore over-designed, to pro\·ide a ere. t width suit
able for traffic at the level of the . econdary spillway. 
This was necessary to provide access for maintenance 
and operation of the intake tower. \vhich is located on 
the upstream face of the dam adjacent to the primary 
spiiJw·ay. The design head. Hd. for the primary spill
way crest wa therefore adopted as the head at the 
maximum flood level (MFL), and as a result , positive 
pressures were expected over the primary spillway 
crest for all events. As is common with tepped spill
ways on RCC dams, gradually increasing step heights 
of0.3 m and 0.6 m were incorporated in the transition 
from the conventional concrete ogee ere t to the stan
dard 1.2 m-high RCC step . to en. ure the pill way dis
charge will not jump clear at lower flows. Fig. 2 pre
sents the primary and secondary spillway crest shapes. 
The hydraulics of the flow in the primary spillway. 

including flow depths and energy dissipation , were 
assessed u ing the methodology in Boes & Hager 
{20031

] . The primary spillway wa designed for unit 
discharges of up to 48 m3/s/m during the PMF, whi le 
the unit discharge for the 1:1000 AEP event was 
8 m3/s/m. The training wall were designed to contain 
the l: 1000 AEP event , and a wall height of 1.5 m per
pendicular to the p. eudobottom (the line joining the 
noses of the R CC steps) was adopted. Other refer
ences such a Meireles et a! [20072] indicate that the 
wall height recommended by Boe & Hager may be 
unconservative at lower flows. However, intermittent 
overtopping of the training wall by "''aves and highly 
aerated flow was not con idered to be critical , as it 
will be contained by the adjacent . econdary spillway. 

3.2 Secondary spillway 
Based on the design ph ilosophy discu ed above, a 
secondary spillway crest width of 4.3 m resul ted. A 
transition curve was provided between the secondary 
spillway ere t and the downstream face of the dam to 
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reduce the l ikelihood of a free-discharging jet devel 
oping from the crest of the secondary spillway. This 
curve was under-designed using a de ign head of half 
the head at MFL. Tegative pressures will develop 
over the crest du ri ng extreme floods. This is not con
sidered critical, and wa · accounted for in the asse ·
ment of the stability of the dam section under flood 
loading. As for the primary sp ill way, gradually 
increasing step heights were included, to provide a 
trans ition from the crest to the fu ll -height RCC steps . 
The PMF unit discharge over the secondary ·pillway 
would be approximately 17 m3fs/m. 

The hydraulic design of the lower part of the sec
ondary spillway. is particularly complex. given that 
the flow is collected on the abutment at the toe of the 
dam section by stepped abutment return channels and 
conveyed to the main dissipator in the centre of the 
river valley. This involves a signi fican t change in flow 
direction and momentum. 

The initial design of the abutment retum channels 
wa developed u ing a method similar to that used in 
the design of side-channel spillways, which i based 
on the conservation of linear momentum LUSBR, 
19873

] . The abutment rerum channel was a umed to 
be the side-channel, and the flow increased linearly 
with distance down the channel. For the flow entering 
the channel, the energy dissipation on the step on the 
downstream face of the dam was accounted for using 
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the Boes & Hager methodology. The channel was 
divided into discrete reaches and the momentum at the 
end of the reach was considered equal to the momen
tum at the start of the reach , plus the increase in 
momentum from external sources. A width increasing 
from 5 m on the upper abutment to 20-23 m through
out the majority of the channel was adopted. A 5 m
high gravity wall was provided at the downstream 
extent of the channel. The flow in the channel will be 
highly super-elevated because of the high energy in 
the flow entering the channel and therefore, an over
hanging flow deflector was incorporated into the 
downstream wall to ensure the flow was contained 
within the channel. 

3.3 Energy dissipation 
The energy in the spillway discharges will be dissipat
ed through a combination of the following: 

• frictional losses on the stepped downstream face; 
• provision of a stilling basin at the dam toe to dissi
pate the residual energy; and, 
• turbulence in the tlow conveyed by the abutment 
retum channels, particularly when discharged into the 
stilling basin area. 

The amount of energy dissipated on the steps was 
estimated using the methodology in Boes & Hager. 
For the primary spillway, it was found that the energy 
dissipation varied from about 80 per cent for the 
1 : 1000 AEP event to about 50 per cent for the PMF. 

For the TOC design, a 26.5 m-long USBR Type Ill 
stilling basin was adopted with 1.1 m-high chute 
blocks and 2 m-high baffle blocks. This basin type 
results in a hydraulic jump almost 40 per cent shorter 
than a Type II basin , but caution is required when 
entrance velocities greater than 18 m/s are expected. 
In such circumstances , cavitation damage may occur, 
but this potential will be minimized by the incorpora
tion of an aeration step in the primary spillway. The 
1 :20 000 AEP flood, with a peak outflow of 1420 m3/s 
(primary and secondary spillway unit discharges of 
approximately 16 m3/s/m and 2 m3/s/m, respectively), 
was selected as the design event for the stilling basin, 
following an assessment of the potential for erosion 
damage downstream of the dam. 

Energy in the flow passing over the secondary spill 
way will be dissipated on the steps on the downstream 
face, in turbulence in the abutment return channels 
and through the impact of opposing jets from the left 
and right abutment return channels in the stilling basin 
area. 

3.4 Cavitation and aeration 
Cavitation in the spillway chute and stilling basin can 
be of concern for high unit discharges and areas of 
high velocity. In such situations, the bottom air con
centration may be insufficient to prevent cavitation. 
According to Peterka (1953) as referenced in Boes & 
Hager 120034

] , "a bottom air concentration of 5-8 per 
cent is considered sufficient to avoid cavitation dam
age" . Based on data in Boes & Hager [20034

], an air 
concentration of 8 per cent is achieved at a point 
which is a distance of 9hm.i downstream of the incep
tion point, where hm.i is the air-water mixture depth at 
the inception point. A limiting velocity of 20 rnls for 
the potential onset of cavitation is also quoted. In sum
mary, areas upstream of the point where the bottom air 
concentration reaches about 8 per cent and the velo
city exceeds 20 m/s may require protection by incor
poration of an aeration step. 
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Ozturk et al [20085
] provides guidance on the design 

of aeration steps. The Froude Number of the fl ow is 
identified as a critical parameter in determining the 
effectiveness of the aerator and that below a minimum 
value the air entrainment will be negligible. Pinto 
[19916

], as quoted in Ozturk et al, defines this mini
mum Froude Number as 4.5, and this was confirmed 
by Ozturk et al in the work they presented. It was con
sidered necessary to incorporate an aeration step to 
minimize the potential for cavitation in the lower sec
tions of the stepped chute and through the stilling 
basin. The location for the aerator was determined 
using this guidance. Events in the range of 1:1000 to 
1:20 000 AEP were selected to determine the location 
of the aerator. A clear water flow velocity of 20 m/s is 
reached at a distance of 30-35 m vertically below the 
crest, with a Froudc Number in the range of 6-7. This 
level was initially considered appropriate for the aera
tion step. The step was created by infilling three steps 
with second-stage conventional concrete and provid
ing a ramp within the lowest step to protrude outside 
the line of the pseudobottom, see Fig. 3. 

Subsequent to the initial assessment, the work pre
sented in Amador et a/ r20097] was reviewed , in which 
pressure fluctuation data from scale models of stepped 
spil lways were presented, which indicated that the 
most extreme negative pressures occurred near the 
inception point. Based on the measured negative pres
sures , Amador et al proposed that there is a cavitation 
risk when the flow velocity at the inception point 
exceeds approximately 15 rn/s , which for the ECD 
spillway arrangement occurs at a unit discharge of 
about 19.3 m3/s/m. This assessment also indicated that 
the aeration step should be raised to a level about 25 m 
vertically below the spillway crest. 

Uniform aeration was achieved by providing a 
manifold-type aeration duct with discrete outlets at 
intervals across the width of the chute, as proposed by 
Ozturk et al. The air supply for these ducts is through 
intakes located immediately outside the primary spill
way training walls. The intakes extend above the PMF 
water surface, and were shaped to minimize the dis
turbance to the flow during extreme events. 

With the air supply ducts placed at 10 m intervals 
across the chute, an air entrainment rate of 10 per cent 
was estimated from data presented by Ozturk et al. 
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This rate of air entrainment is consistent with the 
prototype data presented in Pinto [19896]. For t~e 
primary spill way discharge component of th~ 1 m 
20 000 AEP discharge, an air demand of approxunate
ly 110 m3fs was adopted. The sizing of the supply 
ducts was based on the methodology in USBR [19908

] 

and a 2.5 m-diameter duct was selected. 

4. Optimization through CFD 
modelling 
4.1 Outline of the CFD modelling process 
Prior to the finalization of the design on which the tar
get outturn cost would be developed, an initial phase 
of optimization was carried out using computational 
fluid dynamics (CFD) modelling. The spillway was 
modelled, first in two dimensions and finally in three 
dimensions. The hydraulics of stepped spillways have 
been extensively studied at both laboratory scale and 
full scale. In addition to these physical investigations , 
several authors have published two-dimensional CFD 
studies of stepped spillways, including the validation 
of computational results against laboratory data. 
These studies indicate the promise of the CFD tech
nology in the practical design of stepped spillways . 

In this investigation, key aspects investigated using 
CFD included confirmation of the discharge rating 
curves for the primary and secondary spillways and 
the perfonnance of the secondary spillways, in partic
ular, the flow conditions in the abutment return chan
nels. Other issues considered included water surface 
profiles and pressure disuibutions over the spi1lway 
crest secti.ons and on the RCC steps. 

The initial phase involved modelhng the typical pri
mary and secondary crest profiles in a two-dimen
sional simulation. Two-dimensional models can be 
rapidly established and executed, and as such a Ia:ge 
number of oeometric configurations , flow scenanos , 
and model ;ettings can be evaluated in a short period 
of time. I.n this case, flow over the crest portion of the 
spillway can be approximated as two dimensional , and 
as such the output of the two dimensional model could 
be compared with empirical crest discharge estimates . 
The objectives of the two-dimensional modelling 

were to: 

• investieate the flow characteristics over the spillway ..... 
at a varietv of flow rates; 
• develop-a rating curve for both the primary and sec
ondarv spillway profile; 
.' inv~stigate the minimum grid resolution required to 
tnodel the dynamics ofthe stepped spillway flow; and, 
• provide confirmation of parameters for the develop
ment of the three-dimensional model. 

'The CFD model FLUENT was selected for use in the 
two-dimensional model. FLUENT has a dedicated 
two-dimensional modelling mode, includes a wide 
range of multiphase modelling options , and has 
previously been used to model spillway flow in two 
ahd three-dimensions, including validation of results 
against scale model and prototype da~a. The modelling 
discussed below includes the followmg features : 

• a 'mixture' multiphase model, including air and 
water. water being the primary (continuous) phase and 
air being the dispersed (bubbly) phase (characteristic 
bubble diameter 2 mm); 
• modified k-c. viscous model with RNG (re-normal
ized group) option used where the flow is strongly 
swirling: and, 
• steady state solution using an implicit solver. 

Hydropower & Dams Issue Three, 2010 

Following the two-dimensional modelling phase, a 
three-dimensional representation of the spillway was 
generated, using the meshing software GAMBIT 
(published by ANSYS Inc) . The dimensions o.f .the 
spillway structure were extracted from digital 
AutoCAD drawings . The domain modelled in three 
dimensions is shown in Fig. 4 , together with an 
enlarged view of the stilling basin. . 

The creation of a three-dimensional mesh for this 
domain presented several challenges. The large size of 
the domain and the high geometric complexity of the 
spillway and steps required the model mesh to include 
a very large number of elements . Larger model 
meshes require more computational effort (longer 
computation time) and additional comp~ter mem~ry. 
Estimates of the lowest acceptable gnd resolutiOn 
developed during the two-dimensional modelling were 
used to minimize the size of the three dimensional 
model mesh. 

4.2 Confirmation of discharge rating curves 
The rating curves for initial work had been developed 
from the empirical data in USACE [19879

], and from 
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Fig . 4 . CFD model 
three-dimensional 
domain . 

Fig. 5. Spillway 
discharge 
coefficients (above) 
and discharge rating 
curves (below) . 
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this data . the primary spillway discharge coefficient 
was found to vary from 1.7l at low heads up to 2.3 at 
the PMF head. For the secondary spillway. a range of 
I .46 to 1 .63 was adopted. 

Based on the two-dimensional CFD modelling, the 
discharge coefficients and spi llway rating curve were 
reviewed. see Fig . 5. The primary pillway was found 
to be generally I 0 per cent le efficient than indicated 
by the USACE data, while the secondary spillway was 
considerably less efficient than as umed at low dis
charge . with increased effic iency for unit discharges 
greater than about 12 m3/s/m . The combined discharge 
rating curve based on the USACE data and updated 
using the CFD results are also included. Based on th is 
modelling , m inor adjustments were made to the ec
ondary pillway and non-overflow crest leve ls . 

4.3 Review of pressures on the spillway 
crest and steps 
Pressure over the primary and econdary spillway 
crests were reviewed, to allow for the resultant forces 
to be included in the stability analyses for the grav ity 
dam section. For the primary spillway. comparisons 
with published data were also undertaken. These 
results are pre ented in Fig. 6 for the PMF discharge 
with H!Hd = 1 for the primary spilh:vay and H/Hd = 2 
for the secondary spillway. 

Dam crest 

Stepped 
downstream face 

Stepped abutment 
return channels 

As expected, the pressure over the primary spil lway 
crest is positive . as a result of the crest shape adopted. 
and a reasonable correlation was ach ieved between 
the CFD results and crest pressure distribution pub
lished by US ACE [ 19879]. For the secondary spillway, 
a positive pressure i predicted over the flat portion of 
the crest w ith a negative pressure developing through 
the transi tion curve on the downstream side of the 
crest. The cyclical pressure predic ted by the CFD are 
a result of the stepped profile which tarts 5.7 m 
downstream of the upstream face of the dam. 
Downstream of thi point. each cycle represents one 
tep. with a spike of reduced or negative pressure pre

dicted by the CFD modelling on the vertical face of 
each step and the pressure increasing to a peak at the 
down tream edge of each horizontal step. A imilar 
cyclical pressure fluctuation was a lso predicted in the 
. tepped region of the primary spil lway. 

Scale model data on pres ure fluctuations on pill
way steps is presented in Amador et al [20097

]. The 
CFD model ling predicted pressures on the horizon
tal step surfaces with a similar magnitude and di tn
bution to those presented by Amador et al. The high
est pressures were predicted on the downstream 
edge of each step, with the mini mum a t a distance of 
about two- thi rds of the tep width back from the 
edge of the step. On the vertical step faces, the data 
of Amador er al ind icated a low or even negative 
pres ure in the upper part of the step face with an 
increasing pressure on the lower part of the step 
face. The CFD modelling d id not appear to replicate 
this pre sure distribution a, well as it did on the hor
izontal surface . T his will be further inve. tigated in 
combination with the phy ·ical model results when 
available. 

4.4 Assessment of secondary spillway 
performance 
A key concern at the time of finalizing the TOC 
design was the performance of the abutment return 
channels , mainly whether the tlow entering the chan
nels would be contained by the downstream waJ 1. In 
the initial design, the steps forming the channel 
invert were oriented perpendicu lar to the dam axis 
(see Fig. 7). It was observed in the initia l modelling 
that the distribution of flow across the abutment 
return channel became uneven at higher flow rates . 
with very high water levels against the wall on the 
downstream side of tl1 e channel. To address this, it 
was proposed that the step in the channel could be 
angled from thei r original plan alignment. The main 
effect of thi s would be to ass ist in dissipating the 
energy of the high ve locity now entering the channel 
and to direct it down the channel rather than impact
ing the downstream toe \.vall at high velocity. Two 
option were modelled with step angled at 15° and 
30° to the base case (Fig . 7) . This approach is simi
lar to that used at other similar spi ll ways. where dis
crete blocks have been constructed in the abutment 
return channe l to disrupt and direct the high velocity 
flow. 

The results of the 15° simulation indicate that chang
ing the step angle mitigated the run-up effect against 
the downstream wall. In this sim ulation. the run-up 
was reduced to around 5 m . Increasing the angle of the 
teps to 30° flllther mitigated the run-up effect against 

the wall. For the TOC design, a step angle of ?2 .5° 
was adopted to maximize the hydraul ic benefits while 
minimizing the additional volume of RCC which 
would be required to construct the angled steps . 
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4.5 Typical output from CFD modelling 
An example of the three-dimensional water surface 
produced is shown in Fig. 8 . The significant variations 
in the water surface level in the stilling basin area 
resulting from the combining of the flow from the pri 
mary spillway and abutment return channels is evident 
in this Figure. As noted above, the fluid was modelled 
as an air-water mixture. The plot on the right in Fig. 8 
effectively shows the water surface profiles; the dark 
blue region represents 100 per cent air and red repre
sents 100 per cent (unaerated) water. The top of the 
red region is effectively the water surface. The signif
icant variability in water levels , unusual flow patterns 
and uneven distribution of flow in the abutment rerum 
channels is also evident. 

5. Design verification and refinement 
through scale physical modelling 
5.1 Model description and purpose 
A I :45 scale physical model of the spillway was con
structed for the Alliance by the Manly Hydraulics 
Laboratory (MHL) in Sydney to assist in refinement 
of the final design and to provide input parameters to 
the detailed structural design of the spillway compo
nents. Photos of the model are ishown below. Key 
aspects reviewed included the general performance of 
the spillway for the full range of floods, the pelfor
mance of the abutment return channels in terms of the 
channel width and slope and downstream wall height, 
the position and shape of the intakes for the aerator, 
the performance of the stilling basin and the location 
of the intake tower relative to the primary spi llway. 
Modifications were made incrementally to the model 
to allow the effectiveness of each change to be docu
mented. The refinements presented here were based 
on qualitative observations of the model pelformance, 
together with limited physical measurements . 
Detailed testing began once a final arrangement had 
been agreed. Construction of the model took approxi
mately three months and the detailed testing pro
gramme began approximately six months after con
struction had been completed. 

5.2 General performance of the spillway 
On initial viewing of the physical model operating 
through the full range of flows, the overall perfor
mance of the spillway was found to be excellent and 
the modifications made through the CFD modelling 
were seen to perform well. Observations made at this 
time included: 

• spillway discharges up to and including the PMF 
were contained within the spillway; 
• excellent energy dissipation was achieved up to at 
least the 1:10 000 AEP event, but high velocity flow 
was observed exiting the stilling basin during extreme 
events; 
• the abutment return channel on the upper right abut
ment was not operating efficiently because of the flat
ter grade of the channel; and, 
• the abutment return channels were oversized, partic
ularly on the upper abutments. 

Testing of the instrumented physical model was 
underway at the time of writing, with a programme 
that included measurement of water surface profiles, 
velocities, static and transient pressures and recording 
of detailed observations on flow conditions. A detailed 
comparison of the performance of the physical ~nd 
CFD models is yet to be undertaken, but observatiOn 
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of the general flow patterns appears to indicate areas
onable correlation . Further work is planned to com
pare the detailed results, particularly in terms of pres
sure measurements on the stepped spillway and in the 
abutment return channels, with the aim of providing 
greater confidence in the technologies fo~ future pro
jects, in pruticular the use of CFD modellmg for com
plex spillway arrangements. 

5.3 Design refinements 
5.3.1 Reduction in secondary spillway crest length 

The initial selection of the secondary spillway length 
was based on maximising the crest length to mirumize 
the tlood risk during the PMF. However. the valley 
topography flattened out on the upper right abutment, 
resulting in a reduced gradient on the abutment retUin 
channel and hence reduced efficiency of the channel in 
this area. It was proposed to shorten the right side sec
ondary spillway crest by 40 m. This arrangement was 
tested and showed a marked improvement in the perfor
mance of the right abutment return channels. Shortening 
the spillway crest length increased the MFL by approx
imately 0.35 m, but it was estimated that the change 
would be cost neutral as a result of significant reduc
tions in RCC and foundation excavation volumes. 

Fig. 8 . Examples of 
CFD modelling 
output with water 
surface profile 
(left ) and 3D slices 
showing the air
water boundary 
(right) fora 
discharge of 3700 
m3fs (- 1 : 1 000 000 
AEP event) . 

The 1:45 scale 
physical model 
(Note: aerator 
intakes are not yet 
installed on the 
model) . 
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5.3.2 Optimization of abutment return channels 

The early runs of the physical model showed that the 
width of the abutment return channels was not opti
mized. This was particu larly true on the upper abut
ments, where much of the downstream part of the 
channel was not being used. On both abutments, the 
channel width was reduced by 2-3 m over about the 
lower half of the abutments, with the channel width 
taper ing down to almost zero at the upper end of each 
channel. The height of the down trearn waJl forming 
the channels, which is likely to be con tructed of 
RCC , was initially estimated to be 5 m with an over
hanging deflector incorporated to contain the highly 
uper-elevated flow. A wall height of 4 m was trialled 

with the same deflector arrangement, and was found 
to petfonn well. As the wall height is reduced, the 
force on the overhanging deflector increases signifi
cantly. Together, these change resulted in a ignifi
cant project cost saving largely because of reductions 
in the volume of RCC and foundation excavation. 

5.3.3 Stifling basin improvements 

As outlined above, a stilling basin based on a USBR 
Type ill basin was adopted for the TOC de ign and in 
term of energy dissipation, this was found to perform 
well up to at leas t the 1:10 000 AEP event. 
Modifications were proposed to extend the effective 
discharge range of the dissipator and to reduce the 
velocity of the flow entering the downstream river 
channel. T he major concem in the downstream chan
nel was the potential for rock erosion on the lower 
portion of the steep abutments leading to possible 
instability of the abutments and ultimately undermin
ing of the dam. 

The first trial involved increasing the size of both the 
chute and baffle blocks from 1.1 m and 2 m, respec
tively. to 2.5 m-high. Through testing of thj arrange
ment, it was fou nd that the chute blocks were not pro
viding a significant benefit in terms of energy dissipa
tion. A high velocity jet running along both stilling 
basin walls was also identified. It was then proposed 
to try the following modifications to improve the per
formance: 

• eliminate the chute blocks; 
• increase the height of the baffle blocks to 3 m and 
move them upstream to 6 m from the toe of the dam; 
• include a second row of2 m-high baffle blocks 13 m 
down tream of the toe of the dam; and, 
• include an angled block against the still ing basin 
side wall and running full height of the wall . The aim 
of the last modification was to deflect the high veloc
ity jets towards the centre of the channel and away 
from the lower part of the abutment downstream of the 
stilling basin. 

These modifications were tested and found to pro
vide a significant improvement in the stilling basin 
performance. Velocities in the downstream river chan
nel were measured, and it was found that for events up 
to at least the 1:100 000 AEP event, the downstream 
flow velocities were only marginally higher than 
would be expected in the natural river, if the dam were 
not there. The velocity distribution across the channel 
was also found to be more favourable for the final 
anangement, with reduced velocities against the chan
nel sides and an increa ed velocity in the centre of the 
channel. 

5.3.4 Shaping of the aerator intakes 

The initial design of the intakes for the aerator includ
ed a 2.5 m diameter intake pipe running 8 m horizon-

tally out from the downstream face of the dam within 
a mass concrete housing located along the outside the 
primary spillway training wall. The concrete above 
the pipe was shaped to a symmetrical 30° apex to min
imize flow disturbance during extreme events. When 
tested, the shape of the top of the intake structure 
resulted in the deflection of flow outside the extent of 
the spillway and onto the lower abutments. The fol
lowing modifications were then tested: 

• angling the intake pipe down at an angle of 20° 
below the horizontal; and. 
• providing a one-way cross fall of 30° towards the 
abutments on the upper surface of the intake structure. 

This arrangement was found to work satisfactorily, 
and the deflected flow was well contained within the 
secondary spillway. 

5.3.5 Optimization of tile intake tower location 

The intake tower to the water supply pipeline is locat
ed on the upstream face of the dam approximately 
50 m to the left of the centreline of the primary spill
way. This offset was adopted in the TOC design phase 
to minimize possible disturbance to the flow entering 
the primary spillway. A large excavation with cut 
slopes up to 45 m-rugh was required for the base of the 
tower in this location. Clear benefits, mainly as a 
result of the significant reduction in excavation vol
ume, were achievable in terms of cost, safety and time 
if the tower could be moved closer to the entrance to 
the primary spillway. The model was run with the 
tower 5 m and lO m closer to the spillway for events 
up to the 1:1000 AEP event. In the closest location, the 
offset from the tower to the entrance to the spillway 
was less than 5 m. It was found that , even in this loca
tion. the effects on the flow entering the spillway were 
not significant and it was therefore agreed to move the 
tower to tills location. With the tower in this location, 
the height of the cut slope adjacent to the base of the 
tower is reduced to less than 25 m. 

6. Conclusions 
The development of the main des ign features of the 
complex spi llway arrangement proposed for the ECD 
project is presented. Key aspects applicable to other 
similar spiJlways include the assessment of the inter
action of the primary and secondary spi llway dis
charges, the review of performance and optimization 
of the abutment return channels and the cons ideration 
of cavitation potential and aeration requirements. 

There are clear financial and programme benefits to 
the design process for a complex spillway an ange
ment in adopting a structured approach with the intro
duction of numerica l and physical modelling at appro
priate stages of the process. At each stage of the pro
ject, the design can be optimized and refined within 
the limitations of the design and modelling techniques 
being used. It must be noted that the process adopted 
wi ll vary with the complexity of the arrangement and 
that not all phases of the modelling will be required 
for less complex anangements. 

Development of an arrangement using theoretical 
and empirical methods prior to entering into the mod
elJing phase is crucial. At this point, numerical model
ling using CFD techruques , al lowing rapid analysis of 
the flow conditions and identification of problem 
areas, can be introduced. Alternative atTangements to 
address identified problems can then be modelled and 
assessed quickly and economically. It is only feasible 
in terms of cost and time to begin physical modelling 
once confidence has been ga ined that the general 
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arrangement of the spillway is fixed and no major 
structural rebuilding will be required. In general , it is 
recommended that a physical modelling programme 
only be used for fjnal refinement and verification of 
the design. It is estimated that the cost of the CFD 
modell ing was approximately 10 per cent of the cost 
of the physical model programme and the physical 
mode] was less than approximately 0 .2 per cent of the 
total project cost. It must be noted that optimisation of 
the design yielded savings to the project of at least this 
value. 

Further assessment is required on the basis of the 
detailed results from the numerical and physical 
model, but this project has demonstrated the comple
mentary nature of these modelling techniques in the 
optimization and refinement of this complex spillway 
arrangement. 0 
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