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Abstract

Due to high flow velocity, the spillway surfaces of high-head dams can expose to cavitational damage. The most effective
and economical method of protection from this damage is aerated to flow using aerators. In this study, a spillway aerator of
the roller-compacted concrete dam of 100 m height was analyzed using two-phase computational fluid dynamic model to
overcome the cavitation damage on the spillway surface. The numerical analysis with prototype dimensions was performed
for various flow conditions (5223, 3500, 1750 and 1000 m?/s of flow rate), and obtained results were compared with some
experimental observation in the literature. Numerical and experimental results indicated that the cavitation occurs on the
surface after a certain downstream point based on cavitation indices. The air entrainment rate and air concentrations supplied
by means of the aerator were determined to avoid the cavitational damage. While the experimental results can contain con-
siderable scale effect in terms of air entrainment rate owing to, e.g., viscous effects especially for small scales, the numerical
models with prototype dimensions gave much more accurate results. In other words, it can be also mentioned that the actual
aeration amount is much greater than that obtained from the model experiments. The results based on numerical analysis

showed that the aerator device meet air demand to prevent the cavitation damage.
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Introduction

Spillways are crucial safety structures used for the discharge
of flood discharges into dam reservoirs and for the opera-
tion of these dam reservoirs. It may be classified as con-
trolled and uncontrolled in general, albeit in different types.
In terms of body safety, it is preferred to place them in the
right or the left shore in the earth-fill dams while and in the
concrete dams it is placed on the body to be cost-effective.
In arch dams, they can also be placed on the body due to the
shortage of space. As a new type which has been preferred in
recent years, roller-compacted concrete dams (RCC) can be
constructed as safe and economical as dams. In these dams,
thanks to its solid body, spillways can be placed on the body
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economically in these dams. Two important aspects should
be taken into consideration in the design of the spillways.
The first one is the scour failure in the dam’s downstream
due to the high-discharge and velocity flow. Various types
of baffle blocks are used in the spillway outlets in order to
prevent scour failure which may threaten the dam stability.
The other significant issue is protecting the concrete surface
from cavitation damage in the spillway channels exposed to
high-velocity flows. Water vapor bubbles occur in the flow
as a result of the pressure falling below the vapor pressure
in small spaces due to irregularities (joint gap, construction
defects etc.) on the surface of spillway under high-velocity
flow. The vapor bubbles, which are subjected to repeated
hydrostatic pressure in the flow discontinuities, explode with
a large noise as they enter into the liquid phase, damaging
concrete surface which is in physical contact with the water.
This phenomenon is called ‘cavitation damage’. Concrete
surface exposed to the flow may cause more cavitation and
leads to deepened damage and eventually make the spill-
way structure unusable. The cavitation damage in the spill-
ways was first noticed in the period between 1970 and 1980
through extensive damages in the spillways of Keban Dam
in Turkey and Karun Dam in Iran (Pfister and Hager 2010).
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The most economical and effective method is to use aerat-
ing structures to protect the concrete surface from cavitation
damage (as used in the Keban Dam spillway after damage).
By means of these aerators providing a natural aeration
mechanism, the risk of damage can be completely elimi-
nated by mixing enough air into the cavitation zone. Usually,
if the flow velocity in the spillway exceeds 20-30 m/s, it is
recommended to use an aerator to protect the surface from
cavitation damage (Chanson 1994). In some cases, it has
been reported that precautions should be taken in case the
flow velocities exceed 30-35 m/s even if the surface of the
spillway is very smooth and well-constructed (Cassidy and
Elder 1984; Chadwick and Morfett 1986; Novak et al. 1990).

Aydin et al. (2019) investigated bottom outlet of Ilisu
Dam using CFD model. In the study, the performance of
aeration galleries with different designs was investigated.
At the end, two new aeration designs for that particu-
lar situation were proposed. Chanson (2009) stated that
the extrapolation of laboratory results to large prototype
hydraulic structures basically concerned despite recent
advances in this area and discussed the dynamic simi-
larity of the air entrainment processes. It is noted in the
paper that physical model studies were performed gener-
ally using Froude similarity rule with smaller Reynolds
number than corresponding prototype flow, and the con-
cept of scale effect is closely related with the selection of
relevant characteristic air—water flow properties. Kumcu
(2017) used a CFD model with Flow-3D to investigate the
flow over a full scaled (prototype) ogee spillway and com-
pared to 1/50 scaled physical model results. The results
of the numerical model well agree with the scaled physi-
cal model in terms of free-surface characteristics such
as surface level, flow velocity and pressure, but any data
about detail of air entrainment amount and its scale effects
were not given besides some air concentration. Geun and
Hyun (2005) investigated some flow characteristics of an
ogee spillway by using CFD model (Flow-3D) to observe
roughness and scale effects on them. They found that
while the surface roughness and scale effects do not affect
some results such as discharge, water surface and crest
pressures too much, the roughness and scale effects are
significant in maximum velocity location. Ferrari (2010)
successfully performed a numerical study on the free-
surface flow over a sharp-crested weir. The results were
validated by comparing the free-surface profiles obtained
from experimental measurements in the literature, and a
good agreement was achieved. Heller (2011) presented a
review on the Froude and Reynold model-prototype simi-
larities to describe scale effects for typical hydraulic flows
and discussed how scale effects were avoided or corrected.
Felder and Chanson (2017) carried out some experiment of
high-velocity mixing flow to investigate scale effects with
respect to air—water flow. They presented a comprehensive
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investigation on the air—water flow properties, e.g., the
interfacial area, turbulence properties and particle sizes,
which may be affected by scale effects. They also stated
that the findings of the study are applicable to the other
air—water flow type, but the prototype data were needed
for final confirmation.

It is understanding from above researchers, for scaled
model of hydraulic structures, while the scale effects are
insignificant for some flow parameters such as discharge
flow rate, water surface and pressures, it can be quite impor-
tant for high-velocity air-water mixture flow, e.g., spillway
flows with an aerator. In this study, the spillway aerator
of the RRC type dam of 100 m height was selected as the
model. The numerical model of the spillway was prepared
in the prototype using a computational fluid model in dif-
ferent flow conditions (5223, 3500, 1750 and 1000 m>/s of
flow rate), and the hydrodynamic behavior of the present
design was analyzed with the help of computational fluid
dynamics (CFD). The obtained numerical model results
were compared with the results of the model test performed
by DSI, and the obtained results were discussed presenting
the hydrodynamic properties of the present design (Ozcan
2011). The hydraulics of the flow on the spillway was first
investigated with a single-phase flow model, and a double-
phase (air-water) flow model was used for aerator perfor-
mance on the spillway.

Materials and methods
The spillway design

The Kopru and HPP (hydroelectric power plant) installed
on the Goksu Stream of Seyhan River in Turkey were con-
structed as RCC Dam with a power capacity of 154 MW.
The energy dissipation of the uncontrolled spillway flow
is provided by the flip bucket running as submerged at the
downstream end. The design flow rates are considered as
0=3500 m*/s which is 1000-year period and the probable
maximum flood discharge rate as Q =5223 m/s. The spill-
way'’s crest has a width of 125 m, and this width falls to
100 m for the flip bucket. The slope of the spillway chute
channel is H:V =0.8/1, and its length is approximately 72 m.
In the original project, the aeration troughs supplied by a
0.5 % 1.5 m rectangular aeration shaft on both sides were
placed along the width of the spillway at 30 m downstream
from the spillway crest to avoid cavitation are. The deflector
ramp length used for aeration is designed to be 2.40 m with
angle of 4°. The height of the aerator offset at the end of the
ramp is given 0.5 m. After the project was revised, a second
aeration gallery was added to aerate the middle regions and
was given the two-chimney final form in Fig. 1.
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Fig. 1 The details of spillway aerator geometry

Table 1 Discharge values selected for the model experiment and their
tailwater levels (Ozcan 2011)

-
ﬁﬂ\ . KR
\

Discharges, Model discharges  Tailwater  Periods

0 (mfs) (Scale=1/60) (I/s)  levels (m)

500 17.93 391.50 Minimum discharge

1000 35.86 321.80 10 years period

1750 62.76 324.20 100 years period

3500 125.51 328.30 2/3 of max. flood
discharge

5223 187.30 331.00 Max. flood discharge

Physical model

In order to determine the hydraulic properties of the dam
reservoir, the State Hydraulic Works (DSI) conducted physi-
cal model studies on a scale of 1/60 considering laboratory
facilities (Ozcan 2011). Some characteristic values used in
physical model studies are given in Table 1. Some visuals of
the physical model studies are given in Fig. 2. In the physi-
cal model studies, some flow characteristics (such as flow
velocities, pressures, water levels) and performance effi-
ciency of the aerator on the spillway chute were investigated.
The studied discharge values were determined based on the
discharge capacity and the cavitation risk of the spillway. A
rectangular weir of 1.5 m wide with a sharp edge was used
to adjust the discharge. In order to provide a uniform flow
from the dam reservoir to the spillway, various baffle blocks
and regulators were placed into the experimental setup after
the measuring weir; then the water surface was smoothened.
Physical models were first prepared according to the original
project, and then the final design was obtained by improving
the design in line with the hydraulic conditions.

PLAN VIEW

Fig.2 Visuals from the physical model setup (Ozcan 2011)

Numerical model (CFD)

Numerical modeling of multiphase and free-surface
flows is very difficult compared to other flow models i.e.
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single-phase flows. Volume of fluid (VOF) method allows us
to determine a clear free surface between the air and water.
In high-velocity flows such as spillway flows, flow patterns
should be used, which also take into account turbulence
stresses and shear stresses between phases. In this study,
numerical analysis was performed with the Flow-3D soft-
ware. The governing equations of the fluid motion with the
acknowledgment of the incompressible fluid (p =constant)
are given below Flow Science (2014).

Mass continuity equation:
Sr() + 2 (,) + 5 (wa) =0 M)
where p is the density of the fluid; A,, Ay, A_, respectively,
are the partial areas opening to the flow in x, y and z direc-
tions; and u, v, w are velocity components in x, y and z
directions,respectively.

Navier—Stokes Equations of fluid motion:
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Here V. is volume fraction open to flow; (G,, Gy, G,): mass
acceleration, (f,, fy, f.): viscous momenta. VOF scheme was
performed for the solution of two-phase flows. In this method,
if a cell is full by the primary phase (i.e. water), F'=1; if the
cell is empty F'=0, in other words, the cell is full with the
second phase (i.e. air); and if 0 < F < 1 then the cell contains
an interface between two phases. The volume of the first fluid
per unit volume is defined by the following VOF function
(Hirt and Nichols 1981).

oF  ol[9
a Ve

0
= (FAu) + Ra—y (FAv)
(©)

FA u
+a%(FAzw) + (pT"] = Fp + Fy

Here F represents the term diffusion only involving two-
phase flow applications, and Fg represents the source term
of density (Flow Science 2014)

In CFD analyses, while the single-phase flow models
solve only one the constitutive equations, two-phase flow
model solves the equations of motion for each fluid. Since
the flows in the spillway have high velocity and high turbu-
lence, the standard k—¢ turbulence model, which is one of the
most widely used turbulence models, is used in numerical
analysis. The standard k—e turbulence model which is one of
the two-equation turbulence models are widely used in CDF
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applications. In this model, the turbulent kinetic energy (k)
and the dissipation rate with Reynolds stresses (¢ = k**/L,
L is a scale of length) are solved together. This model is
based on the assumption that the flow is completely turbu-
lent besides viscous effects.

Geometry and boundary conditions

In numerical analyses, scale effects can be avoided by using
prototype dimensions which are normally not possible to apply
in physical laboratory models. In order to shorten the solution
time, considering the symmetry of the spillway model with
respect to the Y-axis, the solution domain was taken into con-
sideration for half of the model as shown in Fig. 3a. In order
to decrease the sensitivity of the results to mesh structure,
24,300,000 structural (square prismatic) elements were used
by selecting the model’s mesh structure sufficiently sensitive.
These elements are excellent in terms of numerical computa-
tion, which do not have a distorted cell geometry in terms of
numerical computation (since there will be no problem such as
skewness). The boundary and initial conditions of the numeri-
cal model are presented in Fig. 3b. Here P is the specified
pressure, S symmetry, O outflow boundary conditions. As ini-
tial condition, upstream and tail water levels according to the

(a) -«

P

Fig.3 a Geometry and network. b Boundary and initial conditions of
the numerical model
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original project were defined in the model. Spillway discharge
values are determined using the discharge-level curve of the
spillway in the project.

Results and discussion
Scale effect

Physical hydraulic models of open channel flows are gener-
ally performed according to Froude’s rules of similarity. Since
the effects such as viscous and surface tension are neglected,
significant scale effects occur especially in small-scale models
when the Reynolds number (Re) is smaller than its prototype.
Previous researchers have shown that significant scale effects
occur especially in small-scale models of air mixture problems.
In model experiments such as aerator design, it is reported
that scales should be chosen to be larger than 1/10 in order to
accurately estimate air entrainment and neglect scale effects
(Kells and Smith 1991). In general, again, it is stated that the
effects of scale can be neglected for Re > 10°. Pinto (1988)
conducted the 1/8 scale experiments of the Foz do Areia Dam
spillway and discussed that it should be Re> 3.3 x 10° to avoid
scale effects. In their aerating experiments, Pinto and Neidert
(1982) demonstrated that scale models larger than 1/15 had
no observed effects on all flow rates, which was by means of
scale models ranging from 1/8 to 1/50; they stated that models
ranging between 1/30 and 1/50 do not have scale effects only
for high flow rates. In some other studies carried out on the
dam spillway aerators, Chanson (1989) chose the scale of 1/15
and Tan (1984) adjusted the model scale as 1/8 to avoid scale
effects. In addition to this, Pinto (1984) identified scale effects
of 33-67% in terms of air entrainment even in the 1/12 scale
model tests of Terbela dam tunnel. Sakhuja et al. (1984), Vis-
cher et al. (1982) stated that scale effects must be considered
in terms of air entrainment in scale models smaller than 1/4.
Sakhuja et al. (1984) proposed the below formula for Froude
scale models:

log,, SEF = 0.0048(4 — 1) 4)

Here SEF is the scale effect factor and A refers to the
geometric scale ratio. After the scale effect factor is calcu-
lated, the prototype air entrainment rate can be calculated
according to the model air entrainment rate with the formula
(ﬂp= SEF X f,.). Based on the Froude scale, Bruschin (1984)
gave the air entrainment scale with the following formula.

f
S =Vi 5)

Kokpinar and Gogiis (2002) proposed the following
formula to define the scale effects of the lower nappe air
requirement.

B, = ¢B;, (6)

Hereby f, is the air entrainment rate according to the pro-
totype calculation, 3, is the model air entrainment rate, £ and
€ are geometrically determined coefficients. Kokpinar and
Gogiis (2002) gave these values £=5.194 and e=1.150 for
spillways with symmetric aerators and £=4.186 and e=1.388
for spillways with asymmetric aerators. These coefficients for
symmetric aerator were also used to eliminate the scale effects
of the experimental results (Ozcan 2011). Aydin and Ozturk
(2009) obtained the coefficients of Eq. (6) as £=5.221 and
e=1.211 for bottom-inlet aerators. The scale effect factor
for the air entrainment rate was taken as 1.4 in the 1/30 scale
model test conducted (Demir6z 1982). This value is taken
from the coefficient interval in Eq. (7) proposed by Eccher
and Siegenthaler (1982).

(4a), = (1.11 = 1.43)(q,) | )

Here g, refers to unit air discharge, p refers to prototype, and
m represents model. Aydin et al. (2017) carried out the CFD
analyses of 12-m-diameter sluice outlet of Ilisu Dam’s tunnel
using the two-phase flow model, compared it to the results
of the 1/40 scale physical model and reported a scale effect
of about 10% in terms of air entrainment rates based on the
numerical results. In the single-phase flow model, a goodness
of fit was obtained in terms of the hydraulics of the flow by
means of experiments. In their study, they demonstrated that
scale effects noticeably appeared in multiphase flow models
such as air—water mixture.

Based on above explanations, it is obvious that the air
entrainment rates obtained from the 1/60 physical model stud-
ies here will show significant scale effects. In studies of this
nature, therefore, it is important to determine and eliminate
the scale effects on the experimentally obtained air entrain-
ment volumes.

Comparison with the experiment results

In order to determine the risk of cavitation in the probable
maximum flood (Q=5223 m?/s), cavitation indices were cal-
culated using Eq. (8) at certain intervals along the axis of the
spillway chute channel. According to the literature, if the cavi-
tation index goes below 0.25, the risk of cavitation damage is
reported to be very high (Falvey 1990). Accordingly, cavitation
indices are calculated in Table 2 and compared with the results
in experimental studies.

-2
U_P_Pv_g 14 14 _g(h_hv) (8)
B L2 a L2 T Ly
2 2 2
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Table 2 Calculation of

e Point KM X (m) y(m) Slopeofchute h(m) B (m) V (m/s) Cavitation index
cavitation Index )
CFD  Experiment

0+001.57 3032 720 —45 509 12500 821 264 9.74

8 0400456 3331 524 0 524 12500 797 280 3.35
0+4007.17 3592 455 21.26 424 12500 9.85 1.83  2.03

10 0401046 3921 447 3446 3.69 12500 11.34 1.38  1.51

11 0+012.12 4095 4.47 4447 319  125.00 13.10 1.04 1.07

12 0+013.94 4249 447 51.34 279  125.00 14.96 0.79 097

19 0+018.02  46.77 4.18 51.34 2.61 122.80 16.29 0.67 -

20 0402198 5073 370 51.34 2.31 121.28 18.63 0.51 049

21 0+029.33 58.08 3.05 51.34 1.91 11849 23.13 033 021

22 0+031.39 60.14 290 51.34 1.81 117.74  24.49 030 0.19

23 0+037.98 66.73 259 51.34 1.62 11520 28.02 023 023

24 0+046.12 7487 254 51.34 1.59  112.11 29.36 021 0.15

25 0+054.10 8285 209 51.34 1.31 109.08  36.67 0.13  0.05

26 0+062.09 90.84 2.08 51.34 1.30  106.04 3791 0.12  0.09

27 0+070.10 98.85 2.08 51.34 1.30  103.04 39.01 0.12 0.10

28 0+078.11 106.86 196 51.34 122 100.00 42.66 0.10 0.04

V= 0 0 © velocities (V> 20 m/s) in the aerator’s upstream, it may still

A B(y X cos @)

Here o represents cavitation index, P is absolute pres-
sure, P, is vapor pressure, p is water density, V is mean
flow velocity, g=9.81 m%/s is gravitational acceleration,
and h; h,, represents absolute pressure and water vapor pres-
sure in terms of the water column. The average velocity in
each section can also be calculated by Eq. (9) depending on
the vertical water depth (y) and the slope of channel chute
(@) of the spillway. The absolute pressure head was taken
as h=9.30 m at 400 m altitude, where the dam is located
and vapor pressure of water was taken as s,=0.23 m for
a water temperature of 20 °C. According to the results
obtained in Table 2, the cavitation index falls below over
KM =0+037.98. According to the model test results, there
arises a risk of cavitation over KM =0+ 029.33. According
to the numerical model results, the cavitation risk is seen
to be on the downstream. However, due to the high flow

indicate that cavitation damage may occur in these areas.
Scale effect factors (SEF) and prototype values of air
entrainment ratios determined based on the experimental
results obtained according to three different flood discharges
of the final design are given in Table 3. As can be seen in
the table, the scale effect factors related to the air entrain-
ment rates given in the literature vary widely. It is not pos-
sible to make arrive at a clear conclusion on the subject due
to reasons such as deficiencies in prototype measurements,
many of the experimental studies having been conducted
according to Froude number and the fact that some of the
formulas are given independently of the scale. Based on the
information gathered so far, the volume of aeration from
small-scale physical models has significant scale effects, and
as the scale decreases, this effect can be said to grow and
become more uncertain. Therefore, it is clear that a scaled
model experiment for 1/60 will have significant scale effects.
In the experimental studies, Eq. (6) proposed by Kokpinar
and Gogiis (2002) was used to calibrate the results of the

Table 3 Scale effect factors and calculation of prototype air entrainment rates

Q (m%s) Model (1/60)  This study Equation (4) (Sakhuja Equation (5) Equation (6) Aydin and
et al. 1984) (Bruschin 1984) (Kokpinar and Gogiis 2002)  Ozturk (2009)
P SEF Py SEF By SEF By SEF Po SEF Py
1750 0.075 4.880 0.366 1.920 0.144 7.740 0.581 3.522 0.264 3.023 0.227
3500 0.050 4.520 0.226 1.920 0.096 7.740 0.387 3.314 0.166 2.775 0.139
5223 0.044 3.864 0.170 1.920 0.084 7.740 0.341 3.251 0.143 2.701 0.119
Mean 4421 1.920 7.740 3.362 2.833
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model experiment given in Table 3. However, since this for-
mula is independent of the scale, it may not be accurate. In
Table 3, it is demonstrated in a study conducted by Aydin
and Ozturk (2009) that the scale effect factors calculated
by a larger scale such as 1/25 were smaller than the results
obtained from this study and this supports the results of our
study. This is because smaller scale leads to a greater scale
effect. Equations of (4) and (5) given depending on the scale
should not be taken into account since they yield very differ-
ent results. Therefore, it can be said that the results obtained
in this study are the most reasonable values shown in the
table based on the results of the CFD analysis on the pro-
totype scale.

Numerical model results

In the numerical analyses, discharges of 1000 m?/s,
1750 m%/s and 3500 m?/s which are in different return
period were considered in addition to the probable maximum
flood discharge of Q=5223 m%/s. In Fig. 4, two different
numerical model outputs were given. Although a smoother
water surface was obtained from the one-phase flow model
(Fig. 4a), it is not possible to determine the air entrainment
as in the two-phase flow model (Fig. 4b). To clearly obtain
water surface profiles and the aeration performances, a
higher mesh resolution including 24 million elements was
needed for two-phase model. The solution domain of the
numerical model was restricted as shown in Fig. 4b due to
too much time and processor effort.

The aeration performance of the aerator together with
some hydraulic parameters (e.g. flow depth, average flow
velocities, upstream Froude number of aerator) obtained
from CDF analysis by means of the two-phase flow model
is given in Table 4. Two different Froude numbers were
defined to examine the air entrainment rate and the change
in air concentration with Froude number. The first one is
the F, calculated on the crest of the spillway, and the other
is the F,, upstream Froude number calculated at just before
the aerator. In the table, /; and £, are the flow depths at the
crest and aerator upstream, respectively; V, is the upstream
flow velocity, Q, average air entrainment discharge pro-
vided from the aerator, Q,, water discharge, and lastly C,
represents average air concentration. In the literature, if the
flow velocity in the spillway chute exceeds 20-30 m/s, it
is recommended to use an aerator to protect the spillway
surface from cavitation damage. It is seen in Table 4 that
flow velocities are higher than 20 m/s. In Fig. 4a, it is also
seen that the flow velocities increase up to 40 m/s toward
the downstream of the chute. At these velocities, cavitation
becomes inevitable and, as indicated, the flow must be aer-
ated even if the surface of the spillway is well-constructed.

Based on the literature review, Aydin (2016) stated that
the average air concentration in the chute flow should be

(a)

Velocity Selected (m/s)

44.66

‘ 33.50 I
2233
1147 [

0.00

(b)
Time = 15.00037

Velocity Restart (m/s)

30.00

22.50 l
15.00
7.50 |
0.00

Fig.4 Water surface velocity profiles (Q=5223 m?s): a one-phase
flow model, b two-phase flow model

at least 6-8% in order to avoid cavitation damage. Also as
seen in Table 4, the aerator provides the required minimum
air entrainment rate and thus the air concentration. The
average air concentration supplied to the flow is obtained
by means of the formula of C,=p/(1+ f). In calculations,
usually, the upstream Froude number (F,) is taken into
account for determination of aerator performance. In
the graphs of Fig. 5, the changes of air entrainment rates
according to F, Froude numbers were plotted. The air
entrainment rate is exponentially increased with F,. The
fitted curve in the graph was obtained with a determina-
tion coefficient (R%) of more than 99%, which means that
the curves perfectly reflect its physical aspect. In addition,
Eq. (10) has been determined to calculate the average air
concentration from the aerator device with the regression
coefficient of 99%.
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Table 4 Aeration performances

Do £ - Reservoir Q, ) hy(m) hy(m) V,(mfs) F,(-) Q,(m%s) p=0/0,() C,(%)
obtained from numerical water level (m)
simulations for different weir
discharges 417.15 5223 715 184 24017 565 88584  0.170 14.50
415.71 3500 5.71 1.10 26.921 8.20  790.28 0.226 18.42
413.71 1750 3.71 0.61 24.273 9.92 64052 0.366 26.79
412.57 1000 2.57 0.41 20.636 10.29  432.58 0.433 30.20
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Conclusions

This study attempts to determine the aerating performance
of a spillway aerator by using the two-phase computational
fluid dynamics. While the scale effects were not expected
in the numerical model of the prototype scale, significant
scale effects were determined in terms of air entrainment
volume in the 1/60 scale physical model results. Therefore,
it is seen that using only scaled hydraulic models may be
inadequate in determining the air entrainment rates and
that the results are needed with crude formulas in the liter-
ature so as to convert the results into the prototype values.
According to the numerical model results, it can be said
that the actual aeration amount is much greater than that
obtained from the model experiments due to their scale
effects. Therefore, it is noted that especially when proto-
type data are not available, numerical models validated can
be preferred with or without experimental studies.
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