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TECHNICAL PUBLICATION

Simulation of Air Entrainment during Mold Filling:
Comparison with Water Modeling Experiments

@ CrossMark

SEYYED HOJJAT MAIJIDI, JOHN GRIFFIN, and CHRISTOPH BECKERMANN

Oxide inclusions form during pouring of metal castings as a result of air entrainment. Recently,
a model was developed by the authors to predict the volumetric air entrainment during pouring.
It was found that the velocity, diameter, and turbulence intensity of the liquid stream affect the
air entrainment rate during pouring. In this study, the developed air entrainment model is
validated with water modeling experiments. In the water modeling studies, water was poured
using a bottom pour ladle. The effects of nozzle opening, head height, nozzle diameter, and
nozzle extension are simulated. The predictions compare favorably with the experimental
measurements. Results indicate that low head height and short pouring time have a beneficial
effect on reducing the air entrainment during pouring. In addition, a fully open nozzle and the
use of a nozzle extension further reduce the amount of entrained air.
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I. INTRODUCTION

OXIDE inclusions are among the most commonly
reported causes of repair in ferrous and non-ferrous
castings.!""?! These inclusions affect the fatigue strength,
fracture toughness, and machinability of a casting and
may cause rejection of the cast part.["*! Oxide inclusions
form when the liquid metal comes into contact with
oxygen during mold filling. In aluminum alloy castings,
the exposure of liquid aluminum to the oxygen results in
an extremely thin solid oxide film covering the liquid
metal surface during mold filling. As the liquid metal
experiences free surface turbulence, the dry side of an
oxide covering the melt can come in contact with the dry
side of another oxide, and form double oxide films or
bifilms.["* In carbon and low alloy steel castings, steel
reacts with oxygen to form oxide inclusions composed
of the most reactive elements in the steel.’) These
inclusions are typically called reoxidation inclusions. In
ductile iron castings, magnesium oxide forms when the
magnesium and oxygen react during magnesium treat-
ment and filling. The subsequent reaction between the
magnesium oxide and silicon oxide (silica) is responsible
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for the formation of dross inclusions.’! Therefore,
limiting the exposure of liquid metal to oxygen is
necessary to minimize oxide inclusions.

Air entrainment is the major source of oxide inclusion
formation during pouring of metal castings. In free
surface flows, air is entrained once the liquid experiences
surface turbulence. Such surface discontinuities are
created, for example, by a liquid jet plunging into a
pool, or a hydraulic jump where a fast moving liquid
discharges into a low velocity atmosphere. For a
plunging liquid jet (Figure 1), once the inertial force of
the impinging liquid jet overcomes the restraining
forces, including surface tension, air is entrained at the
intersecting perimeter of the liquid jet and the pool.
While several studies have proposed correlations for the
entrainment onset based on the Reynolds and Weber
numbers,'®” Ervine e al.®® showed that the onset of the
air entrainment depends on the turbulence level of the
liquid jet. For turbulent water jets, air entrainment
commences above approximately 1 ms~'. Several
experiments have been conducted to study the effect of
different parameters on the air entrainment for a
plunging liquid jet. Based on the results of the measure-
ments, numerous correlations have been proposed for
the relative air entrainment rate. Experimental studies
have shown that increasing the liquid jet velocity
significantly increases the air entrainment.” ' Mea-
surements have also demonstrated that the relative air
entrainment increases with an increase in falling height,
and decreases with an increase of the liquid jet diam-
eter.®1"1 T addition, the turbulence level of the liquid
jet has been shown to have a significant effect on the air
entrainment rate.®
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Fig. 1—Air bubbles near the impact location of a plunging liquid water jet. Free surface disturbances shown along the periphery of the liquid

jet.

In metal castings, the pouring and gating system
design affects the air entrainment during mold filling.
Liquid metal plunging into the pouring cup or basin or
flowing down the sprue are examples of air entrainment
in the gating system. The oxygen inside the entrained air
reacts immediately with the liquid metal to form oxide
inclusions. These inclusions are then transported with
the liquid metal and ultimately end up as non-metallic
inclusions in the solidified casting. Large inclusions may
accumulate on the cope surface if air entrainment is
substantial.

Water modeling experiments are useful in under-
standing the effect of various gating designs and pouring
conditions on the characteristics of the liquid metal flow
and, consequently, air entrainment. Comparison
between the results of water modeling experiments to
those in liquid metal requires dynamic similarity. In
steel, the kinematic viscosities of liquid steel and water
p silap [12.13] . P
are very similar. However, a full-scale water model
is necessary to accurately simulate molten steel flow
behavior. A full-scale water model will produce similar
Reynolds and Froude numbers compared to molten
steel.

Water is commonly used to model steel flow by the
wrought steel industry.'” However, few water modeling
experiments have been conducted to correlate the
pouring parameters and conditions to air entrainment
during the pouring of metal castings. The results of the
water modeling studies conducted by Wanstall er al.l'*!
and Bates and Griffin!"* showed that a throttled bottom
pour ladle entrains significantly more air compared to
an open nozzle (unthrottled) configuration. In addition,
results from this study indicate that shorter falling
heights and filling times reduce the amount of entrained
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air. Through a series of experiments, Kuyucak!"*
showed that using an offset pouring basin with a step
before the sprue entrance allows the entrained air to
escape to the atmosphere before entering the sprue.
Additionally, the use of a nozzle extension submerged
into the pouring basin significantly reduces the amount
of entrained air during pouring. The benefit of using a
submerged gate was also shown in the experiments
conducted by Wang et all'" Afsharpour er al!l'®
suggested that a conical pouring cup entrains large
amount of bubbles, and using an offset step pouring
basin and a small sprue reduces the air entrainment to a
great extent.

The prediction of oxide inclusion formation requires
a model to estimate the air entrainment during mold
filling. Based on the work by Ma ez al.,l'”! the authors
have recently developed a model for predicting the
local air entrainment rate.l"® The model accounts for
the free surface turbulence at the liquid—air interface.
The sub-grid air entrainment model was implemented
into a casting filling simulation code to calculate local
air entrainment rates during filling. The ultimate goal is
to apply the developed model to liquid metals, and
predict the air entrainment during mold filling. How-
ever, before proceeding to liquid metals the air
entrainment model must be validated with water
modeling measurements. In the present study, the
developed air entrainment model is validated by
comparing the predicted relative air entrainment vol-
umes with measured data from water modeling exper-
iments.'>"3] Tt is shown how different pouring
conditions, such as throttling the nozzle, nozzle diam-
eter, head height, and use of a nozzle extension for a
bottom pour ladle, affect air entrainment.

METALLURGICAL AND MATERIALS TRANSACTIONS B



II. AIR ENTRAINMENT MODEL

This section describes the model for predicting the
local air entrainment rate at free surfaces. The air
entrainment calculations described here are performed
as part of a standard casting filling simulation."” The
filling simulation calculates the melt velocity by solving
the Navier—Stokes equations at each time step, and the
geometry of the free surface at each time step is
determined using a volume tracking method.

Eddies in the turbulent flow raise disturbances on the
periphery of the liquid jet, making the liquid—air
interface rough (Figure 1). Air pockets are trapped
inside these disturbances. Once air is entrained at the
impact location, these air pockets are drawn into the
bulk liquid where they are broken into smaller air
bubbles and carried away with the liquid flow. In the
developed model, the local air entrainment rate is a
function of the turbulent kinetic energy, k, and the
normal derivative of the normal component of the liquid
velocity at the interface, Ou,/ ot

k Ou,
:Cen ~—a. 1
q tgan H

where ¢ is the volumetric air entrainment rate per
unit interfacial area, Cey¢ is the entrainment coeffi-
cient, and g (m s %) is the gravitational acceleration.
The gradient term determines the possibility of air
entrainment. A positive gradient term, Ou,/dn > 0,
implies that the liquid velocity is increasing away
from the interface, drawing the air pockets into the
bulk liquid. On the other hand, for a negative gradi-
ent term, OJu,/On <0, the air pockets will be
detrained rather than entrained. Therefore, the only
scenario where air can be entrained is for positive
values of Ou,/On. In the developed model, the turbu-
lent kinetic energy is estimated from the sum of the
squares of the fluctuating velocity components relative
to a spatially averaged mean velocity.

For calculating the volumetric air entrainment rate,
Q. (m® s "), the air entrainment rate per unit interfacial
area is integrated over the interfacial area, A

0.~ [ aaa. 2]
As

The entrainment coefficient, Ce, = 0.039, was esti-
mated by calibrating the predicted relative air entrain-
ment rates with the experimental measurements
reported in Reference 9 for plunging water jets with
different liquid jet velocities and diameters at low tur-
bulence intensities. Calculation of the turbulent kinetic
energy, the normal derivative of the normal compo-
nent of the liquid velocity at the interface, and the cali-
bration of the entrainment coefficient are explained in
detail in a previously published paper by Majidi and
Beckermann.!"® Using a single value of the air entrain-
ment coefficient, a good agreement between measure-
ments and predictions is achieved for plunging water
jets with different liquid jet velocities, diameters, and
turbulence intensities (Figure 2). In the plots, the
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Fig. 2—Relative air entrainment rate as a function of Froude
number for (a) low turbulence and (b) high turbulence plunging
liquid jet.

Froude number at the impact location, Fr;, is defined
as follows:

Frj:—/ [3]

where u; (m s ) and d; (m) are the velocity and diam-
eter of liquid jet at impact, respectively. In the simula-
tions, the turbulence intensity was induced by applying
a time-dependent sinusoidal velocity profile at the noz-
zle exit. Results in Figure 2(b) show that the turbu-
lence level of the plunging liquid jet significantly
affects the air entrainment rate.

III. WATER MODELING EXPERIMENTS

In the water modeling experiments,!'*'?! water was

poured using a bottom pour ladle to study the effects of
different variables on air entrainment. References 12 and
13 are internal reports and have not been published in
the open literature.
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Fig. 3—(a) Experimental configuration of the bottom pour ladle, (b) air bubbles entrained inside the water tank in water modeling experiments
for a single configuration at different times, and (c) simulation setup (3D and mid-pane view) of the bottom pour ladle. All dimensions in mm.
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A. Experimental Apparatus

For the trials, a 508 mm (20”) square by 660 mm
(26”) deep acrylic ladle with an effective volume of
approximately 0.113 m® (4 ft’) was used (Figure 3(a)).
The ladle had a hole at the bottom where nozzles of
different diameters were inserted.

The tank into which water was poured consisted of an
acrylic box with a height and width of 457 mm and a
length of 914 mm. Water was directly poured into the
tank through the sprue. Water exiting the submerged
sprue impinged on the quiescent water pool’s surface.
The water tank had a removable cover plate where
sprues with different lengths and diameters could be
inserted. The cover plate was sealed to the tank to
prevent air leakage during pouring.

B. Measurements

The ladle weight was measured for each pour using a
454 kg (1000 pound) load cell attached to the ladle
sling. Signals from the load cell, after amplification
with a precision amplifier, were sent to a data
acquisition board in a desktop computer. The differ-
ence between the static weight of the ladle at the
beginning and at the end of the pour provided the total
water volume poured.

The pouring time was measured using an electronic
switch, which was installed on the lever of the stopper
rod. The signals from the switch were sent to the data
acquisition unit at the beginning and end of the pour,
and the time difference between the start and end of each
pour determined the pouring time.

Air is entrained when the water jet impinges on the
quiescent pool surface (Figure 3(b)). In addition to the
entrained air, the impinging water caused some air
displacement. The displaced and entrained air was
vented into a sealed bag at the top of the tank. Before
each experiment, the bag was isolated from the water
tank and a vacuum pump was used to remove air from
the bag. The vacuum pressure was monitored with a
water manometer. At the end of the pouring, the bag
was again isolated from the fill box and the vacuum
pump was used to pull air from the bag through a wet
test meter to measure total volume of air. The pump was
stopped once a low vacuum was detected. The wet gas
meter was calibrated using air displaced by a known
volume of water. The volume of entrained air was
estimated as the difference between the total volume of
collected air and the displaced air volume (determined
from the volume of water poured).

The initial water level in the tank was 25.4 mm above
the bottom of the sprue (%y,,) to seal the entrained air in
the tank.

All the experimental results were expressed as the
relative entrained air volume, i.e., the ratio of the
entrained air volume to the volume of water poured.
Based on the precision of measurement devices, the
relative air entrainment precision was between 2 pct (at
the higher air entrainment rates) and 12 pct (at the
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lowest observed rates). The experiments were repeated
three times for each configuration to measure data
variability under similar pouring conditions.

C. Experimental Variables

A variety of pouring parameters were studied. These
parameters affect the velocity, diameter, falling height,
and the turbulence intensity of the liquid jet. For each
parameter, a high and a low value was considered. The
effects of nozzle opening (open nozzle vs throttled
nozzle), ladle depth, /;, nozzle diameter, dy, nozzle
extension, hyg, and sprue length, /.., were studied
(Figure 3(a)). Table I lists all of the cases studied for
the bottom pour ladle. In all of the bottom pour ladle
configurations, the distance between the ladle and the
pouring cup was 76.2 mm. The nozzle opening was
controlled by changing the stopper opening distance,
hso, in Figure 3(a). For the open nozzle configurations,
hso = 63.5 mm, and hgp = 6.35 mm for the throttled
configurations. To study the effect of total head height
on the air entrainment, two different ladle depths and
two sprue lengths were studied. For the full ladle and
half-full ladle, the liquid height inside the ladle was 660
and 279 mm, respectively. For the small nozzle diam-
eter configurations (dy = 47.6 mm), a sprue diameter
of dyprue = 50.8 mm was used, while the sprue diameter
was dgpre = 76.2mm for large nozzle diameter config-
urations (dy = 65.1 mm). For all configurations with
the nozzle extension, a hyg = 127 mm extension with
the same diameter as the nozzle was added to the
nozzle exit. For this purpose, the ladle was raised to
maintain the height between the ladle and the pouring
cup. The pouring times in Table I are calculated based
on the three measured pouring time for pouring
0.029 m® (1 ft’) of water. The standard deviations in
Table I are calculated based on the three measured
pouring times for each configuration. According to
Table I, the standard deviations of the measured
pouring times for the throttled nozzle configurations
are significantly larger than the open nozzle cases.
More details of the experiments can be found in
References 12 and 13.

IV. SIMULATION OF WATER MODELING
EXPERIMENTS

The developed air entrainment model was applied to
the water modeling studies explained in Section III. For
reducing the simulation time, a smaller water tank was
utilized; the height and width (457 mm) were the same
as the height and width of the water tank used in the
above experiments, while the length of the tank was
reduced from 914 to 660 mm (Figure 3(b)) for the
simulations. However, the tank size was sufficiently
large that the boundaries had no influence on the impact
location at the water pool surface, where air entrain-
ment occurs. Although the simulated water tank fills

VOLUME 49B, OCTOBER 2018—2603



Table I. Overview of the Measured and Simulated Configurations for Bottom Pour Ladle Water Modeling Experiments
Nozzle Sprue Pouring Standard Deviation Friction Measured Relative
Ladle Diameter Nozzle Length  Time, #p0, of Pouring Times, Coefficient, Air Entrainment,
Trial Depth (mm) Extension (m) (s) (=) Cr(-) ViV (<)
Open nozzle
1 full 47.6 no 0.13 5.12 0.003 0.93 0.171
2 full 47.6 no 0.26 5.12 12 x 107° 0.93 0.212
3 full 47.6 yes 0.13 5.68 0.002 0.85 0.147
4 full 47.6 yes 0.26 5.67 0.005 0.85 0.152
5 full 65.1 no 0.13 3.91 0.007 0.68 0.123
6 full 65.1 no 0.26 391 1.8 x 107° 0.68 0.147
7 half-full 47.6 no 0.13 8.37 0.014 0.99 0.107
8 half-full 47.6 no 0.26 8.36 0.021 0.99 0.18
9 half-full 47.6 yes 0.13 9.17 0.007 0.93 0.148
10 half-full 47.6 yes 0.26 9.17 0.011 0.93 0.206
11 half-full 65.1 no 0.13 6.22 0.013 0.78 0.11
12 half-full 65.1 no 0.26 6.25 0.017 0.78 0.148
Throttled nozzle
13 full 47.6 no 0.13 12.2 0.106 0.48 0.655
14 full 47.6 no 0.26 12.2 0.013 0.48 0.97
15 full 47.6 yes 0.13 10.0 0.021 0.52 0.47
16 full 47.6 yes 0.26 9.95 0.007 0.52 0.718
17 full 65.1 no 0.13 7.9 0.003 0.42 0.583
18 full 65.1 no 0.26 7.85 0.055 0.42 0.519
19 half-fulll 47.6 no 0.13 21.2 0.141 0.59 0.47
20 half-full 47.6 no 0.26 20.6 0.019 0.60 0.392
20 half-full 47.6 yes 0.13 16.4 0.051 0.64 0.386
22 half-full 47.6 yes 0.26 18.5 0.033 0.61 0.575
23 half-full 65.1 no 0.13 13.8 0.053 0.60 0.467
24 half-full 65.1 no 0.26 13.9 0.265 0.60 0.507
8 calculated and used as the input for the simulations. The
| Theoretical thermo-physical p.ropert.ies of water at 298 K (25 °C)
Open nozzle were used in the simulations.
6 Throttled nozzle Using the simplified energy conservation equation
a (Eq. [4]), i.e., Bernoulli equation,”® and the continuity
e equation (Eq. [5]), an equation was derived for the liquid
g velocity at the nozzle exit, uy y:
o 4
= H ’ H 1 H l H . ’ ‘ ' un.m =/ 2ghi(t) [4]
o HHHHHHH!NNIXIIHIHIHI
l ~ dh
l y - (Tl X Aladie = AN X Un 5]
t
O PN SRR TN AN S TN TN NN TN NN TN AN SN SO T N S S 1
0 2 4 6 8 10
. 1
Time (5 avant) =V ghiy — g g
ladle

Fig. 4—Volumetric water flow rate as a function of time for the
theoretical (no friction applied), open nozzle and throttled nozzle for
the full ladle, small nozzle diameter, long sprue, and no nozzle
extension configuration.

faster than the water tank used in the experiments, the
water-level difference at the end of pouring is small
(approximately 25.4 mm), and does not affect the
simulation results. Similar to the experiments, in all
configurations the sprue was submerged approximately
25.4 mm into the water. For all the cases, instead of
modeling the ladle, the volumetric flow rate of water was
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where /; (m) and /;; (m) are the instantaneous and ini-
tial water height inside the bottom pour ladle, respec-
tively, and 4y (m?) is the nozzle cross-sectional area

T
Based on the effective volume, Vige = 0.113 m>, and
height of the bottom pour ladle, /g = 0.66 m, an
equivalent ladle cross-sectional area was calculated as
Aldie = Viadie/Magie = 0.171 m?,

Ay
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Fig. 5—Contours of (a) velocity and (b) local volumetric air entrainment rate, Q,, at t =2 s, and (c) total relative air entrainment rate as a
function of time for the bottom pour ladle, open nozzle, half-full ladle, small nozzle diameter (dy = 47.6 mm), long sprue (/. = 0.26 m), and

no nozzle extension configuration.
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Fig. 6—Predicted relative air entrainment rate volume as a function
of grid spacing for the bottom pour ladle, open nozzle, half-full

ladle, small nozzle diameter (dy =47.6 mm), long sprue
(hgprue = 0.26 m), and no nozzle extension configuration.
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In the simulations, a friction coefficient, Cr, was
applied to the liquid velocity at the nozzle exit to account
for the nozzle friction. The effective liquid velocity, uy q,
and volumetric flow rate are given as follows:

uneff(t) = Cr X un (1) (8]

0u(1) = 3 dyun (). 9]

To estimate the friction coefficient, first, the total vol-
ume of water poured was calculated by integrating the
volumetric flow rate, Q,,, over the pouring time, ¢, :

tpour tpour
T
v, = / 0u(0)dt =5 x ¢ / uv (e, [10]
0 0

Then, based on the reported pouring time for 0.029 m?
of water, the friction coefficient, Cy, was calculated for
each configuration. The calculated friction coefficients
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are shown in Table I. The further a friction coefficient
is below unity, the more friction is present in a nozzle.

According to the experimental observations of the
throttled nozzle, the liquid at the nozzle exit had a large
turbulence level. To model the throttled nozzle config-
urations, turbulence intensity was applied at the nozzle
exit in the simulations. The turbulence intensity indi-
cates the level of fluctuations in a turbulent flow and is

defined as
/u/2 »

UNer

where the prime and the overbar indicate the fluctuat-
ing and mean components of the liquid velocity at the
nozzle exit, respectively. By applying turbulence inten-
sity, the volumetric flow rate of water at the nozzle
exit is calculated as

0.(1) = Fdunenll + Ix sin(mx fx 0], [12)
where f and ¢ are the frequency of the fluctuations and
time, respectively. Figure 4 compares the volumetric
flow rate of water for the theoretical (friction coeffi-
cient not applied), open and throttled nozzle for the
full ladle, small nozzle diameter, long sprue, and no
nozzle extension configuration. Determination of the
turbulence intensity and frequency for the throttled
configurations is explained in Section V-B.

The large turbulence intensity at the nozzle exit
generated large disturbances at the periphery of the
liquid jet. The disturbances hitting the bottom of the
pouring cup blocked the flow from entering to the sprue.
This caused the water to overflow from the cup before
the sprue was filled during the simulations for the small
nozzle diameter configurations. Therefore, for the throt-
tled small nozzle configurations, a sprue with slightly
larger diameter, d., = 63.5 mm, and a pouring cup
with larger diameter were used in the simulations. Water
did not overflow the cup in the simulations of the
throttled large nozzle diameter cases; therefore, the
diameter of the sprue and pouring cup was not changed
for these configurations. Similar to the experiments, for
all the bottom pour ladle trials the stream was centered
above the sprue. For each of the open and throttled
nozzles, the effects of ladle depth, nozzle diameter, sprue
length, and nozzle extension were studied (Figure 3(b)
and Table I).

V. RESULTS AND DISCUSSION

The velocity and local air entrainment contours of a
base case (bottom pour ladle, open nozzle, half-full
ladle, small nozzle diameter, long sprue, and no nozzle
extension) are shown in Figure 5. As expected, the
predicted local volumetric air entrainment rate contour
shows that the air entrainment takes place at the
periphery of the liquid jet where it plunges into the
quiescent pool (Figure 5(b)). The total relative air
entrainment rate plotted in Figure 5(c) indicates that
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Fig. 7—Predicted relative air entrainment rate volume as a function
of (a) turbulence intensity for the full ladle, long sprue (A = 0.26
m), and no nozzle extension configuration at a frequency of
f= 10Hz for small and large nozzle diameters, and () frequency for
the full ladle, small nozzle diameter (dy =47.6 mm), long sprue
(Msprue = 0.26 m), and no nozzle extension configuration at
turbulence intensity of 7 = 70 pct.

except for the first initial impact, where significant air is
entrained, for the majority of pouring the relative air
entrainment rate is approximately constant. Integrating
the total volumetric air entrainment rate, Q,, over time
and dividing by the total volume of water poured,
provides the relative air entrainment volume.

A. Mesh Independency

Before comparing the predicted results to the mea-
surements for different configurations, a computational
mesh dependency study was performed for the base
case. In all cases, a uniform mesh was utilized that
consists of cubes of a certain side length. Figure 6 shows
that as the grid spacing is refined from a 7.3 to a
3.6 mm, the predicted relative air entrainment volume,
V./Vy, experiences a slight change, though the total
metal cells increase from 400,000 to 3,200,000. This
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Fig. 8—Effect of the ladle depth on the variation of the relative air entrainment rate for open stopper, small nozzle diameter (dy = 47.6 mm),
long sprue (/e = 0.26 m), and no nozzle extension configuration: (a) The velocity contours at time of ¢ =2 s for full ladle (left) and half-full

ladle (right), and (b) relative air entrainment rate.

relatively minor mesh dependency is acceptable. For all
of the following configurations, a uniform grid spacing
of 6.3 mm is used.

B. Determination of the Turbulence Intensity
and Frequency for Throttled Nozzle Configurations

As mentioned earlier, while zero turbulence intensity
is applied for the open nozzle configurations in the
simulations, throttled nozzle cases are modeled by
applying turbulence intensity at the nozzle exit
(Eq. [12]). To determine the turbulence intensity for
the throttled nozzle configurations, two configura-
tions—full ladle, long sprue, no nozzle extension, with
small and large nozzle diameters—were simulated with
different turbulence levels and compared with the
experimental measurements. Figure 7(a) compares the
measured and predicted relative air entrainment for five
different turbulence intensities at a frequency of f=
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10 Hz. Results show that increasing the turbulence
intensity above 50 pct does not significantly affect the
relative entrained air volume.

In addition, a frequency dependency was studied for
the full ladle, small nozzle diameter, long sprue, and no
nozzle extension configuration at a turbulence intensity
of I= 70 pct (Figure 7(b)). Results indicate that the
relative air entrainment volumes are independent of the
frequency in the range of 5 < f(Hz) < 15. Finally, a
turbulence intensity of /= 70 pct and frequency of f =
10 Hz were selected for all of the throttled cases.

C. Comparison of Measurements and Predictions

Figure 8 shows the predicted relative air entrain-
ment rate for two ladle depths. The comparison is
made for the open nozzle, small nozzle diameter, long
sprue, and no nozzle extension case. Once the liquid
jet impinges into the water pool, air is entrained at
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Fig. 9—Effect of the nozzle opening on the variation of the relative air entrainment rate for full ladle, small nozzle diameter (dy = 47.6 mm),
long sprue (Agne = 0.26 m), and no nozzle extension configuration: (@) The velocity contours at time of =2 s for open nozzle (left) and

throttled nozzle (right), and (b) relative air entrainment rate.

the impact location. The large initial spike is due to
the initial impact of the liquid jet on the water pool;
this spike is larger for the full ladle configuration. A
higher head height of liquid inside the ladle produces
more hydrostatic pressure above the nozzle and,
consequently, a higher liquid velocity at the nozzle
exit. A higher exit velocity results in a higher liquid
jet impact velocity, which leads to a higher air
entrainment rate. After the initial spike, the relative
air entrainment rate decreases as the water tank is
filled. The decrease is more pronounced for the full
ladle since the water tank is filled faster than the
half-full ladle case. As mentioned earlier, zero turbu-
lence intensity is applied at the nozzle exit for the
open nozzle configurations. Therefore, the fluctua-
tions during this period are generated due to
unsteadiness of the flow.
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Figure 9 compares the velocity contours and air
entrainment predictions for the open nozzle and throt-
tled nozzle. The comparison is made for the full ladle,
small nozzle diameter, long sprue, and no nozzle
extension configurations. Throttling the nozzle reduces
the liquid velocity at the nozzle exit (Figure 9(a)); this is
shown through the decrease in the friction coefficient in
Table I. On the other hand, throttling the nozzle
increases the turbulence intensity of the liquid jet at
the nozzle exit, which increases the size of the distur-
bances on the liquid jet periphery, thereby increasing the
air entrainment rate at the impingement point. Fig-
ure 9(b) indicates the effect of increased turbulence
intensity outweighs the effect of reduced liquid jet
velocity. Throughout the pouring, the air entrainment
rate is significantly larger for the throttled nozzle than
for the open nozzle configuration.
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Fig. 10—Comparison of the predicted relative entrained air volumes
with measurements for 24 bottom pour ladle configurations: (a) open
nozzle, and (b) throttled nozzle.

Figure 10 compares the total volume of entrained air
per volume of water poured for all open (Figure 10(a))
and throttled (Figure 10(b)) bottom pour ladle cases. The
standard deviations in Figure 10 are calculated based on
the three measured relative air entrainment volumes for
each configuration. The comparison between the pre-
dicted values and experimental measurements shows
overall excellent agreement. However, some discrepancies
can be observed for the throttled cases.

The standard deviation from the experimental results
indicates that the throttled configurations have the
largest variations in the measurements. Moreover, some
of the measurement results of the throttled
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Fig. 11—Comparison of the average predicted and measured total
relative entrained air volumes for open and throttled nozzle
configurations.

configurations contradict previous findings of different
experiments. For example, an increase in the sprue
length reduces the air entrainment for the full ladle,
large nozzle diameter and also for the half-full ladle,
small nozzle diameter without nozzle extension cases.
The authors believe that the complex behavior of the
throttling process cannot be solely modeled by applying
a single turbulence intensity at the nozzle exit. In
addition, a throttled nozzle reduces the effective nozzle
cross-sectional area, which has not been accounted for
in the simulations.

Comparing Figures 10(a) and (b), the throttled nozzle
configurations entrain significantly more air than the
open nozzle. Throttling the nozzle results in relative
entrained air as high as 1 cubic meter of air per cubic
meter of water poured. Obviously, the turbulence level
of the plunging liquid jet has a significant effect on the
air entrainment.

The results also show that due to the higher velocity at
the nozzle exit, the full ladle configurations entrain more
air than the half-full ladle cases.

Comparison between the small nozzle diameter and
large nozzle diameter configurations indicates that
increasing the stream diameter reduces the relative air
entrainment volume. A larger nozzle diameter produces
a higher flow rate and reduces the filling time. Addi-
tionally, according to Table I, the nozzle friction is
greater for the large nozzle diameters than the small
nozzle diameters. This results in even lower water jet
velocities at the nozzle exit for the large nozzle diameter
cases, which further reduces the air entrainment.

Figure 10 also shows that increasing the drop height
of the impinging water from the nozzle increases the
relative air entrainment volume. A longer sprue implies
a larger drop height, which increases the water jet
velocity at the impact location and, hence, the volume of
entrained air.

The nozzle extension affects the open nozzle and
throttled nozzle cases differently. For the open nozzle
configurations, adding an extension to the exit of the
nozzle applies more friction to the plunging liquid jet.
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The calculated friction coefficients, presented in Table I,
reflect this fact. This reduces the velocity of the stream
exiting the nozzle extension and, therefore, the air
entrainment. For the throttled nozzle cases, a nozzle
extension reduces the effect of turbulence intensity. This
is because the walls of the nozzle extension eliminate the
free surface disturbances on the liquid jet periphery,
which are generated at the nozzle exit before the
extension; this in turn reduces the air entrainment. On
the other hand, for both the open and throttled
configurations, when a nozzle extension was used, the
ladle was raised to maintain the height of the free falling
jet. This increases the liquid velocity at the extension
exit, which increases air entrainment. Therefore, the
advantages of lower velocities due to an increase in
nozzle friction for the open nozzle configurations and
the reduction of turbulence intensity for the throttled
cases are reduced by the effect of higher velocities at the
jet impingement point caused by the increase in total
head height. The simulation results, in Figure 10, show
that the relative air entrainment volume is larger for the
configurations without a nozzle extension.

It is important to point out that the open nozzle
configuration with half-full ladle, large nozzle diameter,
and short sprue entrains the least amount of air. A
comparison of the 24 bottom pour ladle configurations
shows that the amount of entrained air differs by a
factor of nearly 10 between the cases with least and most
entrained air.

Figure 11 compares the average of the experimental
measurements and predicted relative air entrainment of
the bottom pour ladle cases. An excellent agreement is
obtained between the average measured and predicted
relative air entrainment volumes. The results indicate
that throttling the nozzle can increase the entrained air
by more than three times. Therefore, the turbulence level
of the liquid at the ladle exit has the most notable effect
on the air entrainment. The calculated standard devia-
tions, shown in Figure 11, demonstrate the throttled
nozzle configurations have the largest variations in the
measurements and predictions.

VI. CONCLUSIONS

The air entrainment model recently developed by the
authors is validated for water modeling experiments.
Overall, good agreement is achieved between the pre-
dicted and the measured relative air entrainment vol-
umes. Results indicate that reducing the total head
height and adding a nozzle extension to the end of the
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nozzle reduces the air entrainment during filling. In
addition, increasing the nozzle diameter increases the
volumetric water flow rate, which reduces the pouring
time and, therefore, the entrained air volume. The
nozzle opening has the most significant effect upon the
air entrainment. A throttled nozzle applies large turbu-
lence intensity to the flow at the nozzle exit, markedly
increasing the air entrainment volume. Clearly, produc-
ing clean castings requires the nozzle to be fully opened
during pouring. The promising results obtained in this
study further validate the developed air entrainment
model.

Future work will link the present air entrainment
model to an inclusion generation and transport model,
where the final oxide inclusion size and location can be
predicted.
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