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Abstract 

The intensity of the water cooling in direct chill casting affects the 
process heat flow and therefore performance of the casting process. The 
intensity depends on the boiling behaviour on the ingot surface. The 
basic mechanisms of boiling, the different boiling modes (nucleate, 
unstable film and stable film boiling) and application to DC casting are 
discussed. The published effects of water compositional and physical 
factors (flow rate, temperature etc) on cooling intensity and the methods 
used to measure these effects are reviewed. A newly developed 
technique for quantifying heat transfer coefficients and heat fluxes for 
DC water sprays and new results on the effect of composition, 
temperature and flow rate are reported. Practical implications for 
controlling the effect of water cooling on DC casting are suggested. 

1. Introduction 

Features of interest in DC casting such as the occurrence of cracks, ingot 
shape and dimensions, microstructural refinement, macrosegregation and 
surface condition all depend on the temperature distribution during 
casting. The temperature distribution depends on the heat flow controlled 
by casting speed, ingot size, alloy thermal conductivity and the intensity 
of the water cooling as measured by the heat transfer coefficient (h). 
Variation in water cooling intensity can adversely affect the process, and 
therefore to control DC casting, the factors affecting water cooling must 
be understood. 

The water spray heat transfer is controlled by the boiling behaviour of 
the water on the hot ingot surface. In this paper the basics of boiling heat 
transfer are briefly covered and the specifics relating to DC casting are 
reviewed. The effects of changes in the water cooling on DC casting will 
be examined in Part 2(1). 

2, Fundamentals of Boiling Heat Transfer 

Boiling heat transfer has been studied for something like three centuries, 
consequently the volume of literature on boiling heat transfer is 
enormous and somewhat daunting. However, the basics of water cooling 
with boiling under forced convection are well described in standard heat 
transfer texts (see references (2 , 3, 4) for example). The description of 
boiling modes below is based on that from Rohsenow (2). 

2.1 Various types of Boiling 

Boiling is usually categorised into various types, and analysis usually 
begins with so called pool boiling with saturated liquid. In this case the 
liquid is at the saturation temperature and there is no convection of the 
liquid. Then the case of subcooled liquid boiling where the liquid is 

below the saturation temperature is examined and finally the case with 
convection of the liquid. DC casting water cooling belongs to a special 
case, which is falling film convection subcooled boiling. 

2.2 The boiling curve and boiling modes 

The heat transfer is strongly dependent on the temperature of the cooled 
surface. In the DC case, this is the ingot surface temperature. This 
dependence is usually described using a boiling curve (Figure l). By 
electrically heating some wire or plate in saturated liquid the steady state 
heat flux q" can be measured against the surface temperature of the 
heater. This is usually plotted as a log log plot with the x axis as surface 
temperature minus saturation temperature. As the heat input is raised the 
surface temperature goes up and at some superheat, bubbles begin to 
nucleate on the heated surface (B in Fig.l). This is the nucleate boiling 
regime. As the heat input increases, more and more bubbles nucleate 
until at some critical surface temperature a maximum heat flux is reached 
called the critical heat flux (qCHF) (C in Fig. I). At this point there are too 
many bubbles nucleating to allow the liquid to wet the surface. If the 
heat input is maintained, the next stable surface temperature is at E . 
Film boiling occurs where a stable vapour layer separates the liquid from 
the heater. In many applications this results in the heater melting. Hence, 
there is much interest in predicting qCHF. On cooling down there is a 
hysteresis in the curve where the surface temperature can jump from 
point D to point F. In the intermittent region of partial film boiling the 
mode may alternate between nucleate and film boiling. 
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Figure 1: Boiling curve describing regions in boiling heat transfer (after 
Rohsenow (2)). Tb is the water temperature, Tw the surface temperature 
and T^, the boiling temperature. 

681 

Essential Readings in Light Metals: Cast Shop for Aluminum Production. 
Edited by John F. Grandfield and Dmitry G. Eskin. 

©2013 The Minerals, Metals & Materials Society. Published 2013 by John Wiley & Sons, Inc. 



■QMjDGraciGaOs From Light Metals 1997, Reidar Huglen, Editor 
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liquid film thickness 
specific heat (J/kgK) 
a constant 
jet thickness (m) 
diameter of the ingot (m) 
acceleration of gravity (m/s2) 
conversion factor 4.17 x 103 (lbm ft/hr2 lbf) 
in English units, 1 in SI units 
convective heat transfer coefficient W/m2K) 
effective heat transfer coefficient with nucleate 
boiling (W/m2K) 
latent heat of evaporation (J/kg) 
thermal conductivity (W/mK) 
latent heat of solidification 
heat flux (W/m2) 
critical heat flux (W/m2) 
total cooling water flow rate (m3/s) 
cooling water flow rate per unit width of film 

radial coordinate (m) 
Reynolds number 

average bulk fluid temperature and wall 
temperature (K) 
final water temperature 
Saturation temperature of water (K) 
ingot surface temperature (K) 
melt temperature (K) 
liquidus temperature (K) 
casting speed (m/s) 
vertical coordinate (m) 
mass flow rate of cooling water per unit width of 

film (kg/sm) 
temperature difference between the bulk fluid and 

temperature difference between Twa„ and Τ^, (Κ) 
dynamic viscosity of liquid water (kg/ms) 
kinetic viscosity 
density (kg/m3) 
density of water vapour (kg/m3) 
surface tension of water (N/m) 

For subcooled boiling there is some natural convection cooling when the 
surface is below the saturation temperature. In the nucleate boiling area 
the curve may be left or right of the saturated liquid curve depending on 
geometry of the heater (dashed line in Figure 1). 

For forced convection, if the surface temperature is below the boiling 
point the water cools by convection and as the velocity of the fluid 
increases so to does the heat flux. However, when the surface goes to 
some superheat above the saturation temperature boiling commences and 
at high heat fluxes the curves for various coolant temperatures and 
velocities begin to merge into what is known as the fully developed 
boiling curve ie the forced convection subcooled behaviour approaches 
the pool boiling behaviour. Note that flow velocity has no effect on the 
magnitude of q" in the nucleate boiling regime, although it can effect 
the point of transition to film boiling. 

In the nucleate boiling mode bubbles nucleate at crevice sites on the 
surface where there is some trapped gas due to incomplete wetting. They 
grow and are released into the moving water stream. Heat transfer during 
this period of nucleate boiling is high because the bubble growth and 
release causes considerable stirring of the liquid and transport of heat 

into the bulk fluid. In DC casting most of the bubbles in fact collapse 
after release as they are cooled in the liquid film. Very little energy 
escapes as steam. This can be verified by measuring the water film 
temperature down the ingot surface and doing a heat balance (Appendix 
A). 

Bubble nucleation behaviour is clearly going to influence the heat fluxes 
achieved during boiling. Factors such as surface roughness, surface 
tension and wetting angles affect the number of active nucleation sites, 
the rate of bubble nucleation, growth and coalescence. Changes in 
composition and temperature of the water will affect these properties. 
Dissolved gas makes it easier for bubbles to form by adding to the 
vapour pressure. There is extensive theory dealing with bubble 
nucleation, but the reader is referred to Cole (5) and Rohsenow (2) as 
starting points. For the purpose of this discussion it is enough to be 
aware that these factors play a role because of their affect on bubble 
behaviour. There is certainly scope for boiling researchers to examine 
this area in detail with reference to the particular conditions in DC 
casting. 

To predict the heat transfer coefficients and heat fluxes as a function of 
the surface temperature in each region of the boiling curve, various 
equations using dimensionless groups of quantities (Reynolds, Nusselt, 
Prandtl numbers) and have been derived in the literature. It should be 
noted that the correlation factors are derived for particular fluid surface 
combinations and care must be taken in extrapolating to different 
conditions. The intrinsic properties of the surfaces are not taken into 
account in these equations. 

Critical Heat Flux 

In many industrial applications the transition from nucleate to film 
boiling is of great interest because of the sudden change in either surface 
temperature or heat flux. DC casting is no exception. As casting speed 
increases, if steady state is maintained, then total heat input increases 
linearly. Similarly heat input increases with the square of diameter. The 
response of the water cooled surface to meet the increased heat flow 
requirement is for the surface temperatures to rise (increasing q in the 
nucleate boiling region) and for a longer cooled region below the mould. 
However, there is a critical casting speed at which the surface 
temperature may exceed the critical transition temperature and the 
transition to film boiling occurs. At this point the maximum heat flux 
qmx required, exceeds the critical flux qCHF- Variation in water 
composition can change the critical temperature and qCHF therefore 
reducing the maximum casting speed before the onset of film boiling. 

Generally, the transition from nucleate to film boiling is proposed to 
occur when the bubbles start to cover a large fraction of the surface, 
preventing liquid rewetting the surface. The critical heat flux qCHF is 
found to increase with increasing flow rate (see for example (6 ,7)). The 
relationship is found to follow the form 

qCHF = cpgHfgUf 

( \ 0.867/" 

Pf 
\Pi. 

\ l / 3 

σ 
[pfUf2D) 

(1) 

which with constant water properties, simplifies to the critical flux 
increasing with the velocity to the third power. 

Note that the factors which increase bubble nucleation while increasing 
heat transfer in the nucleate boiling regime at a given surface 
temperature, also promote the transition to film boiling at a lower critical 
temperature. So depending on wether the surface temperature is above or 
below the transition temperature, a factor may increase or decrease heat 
transfer. This makes the prediction of their effect during casting all the 
more complicated. 
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3. Boiling Heat Transfer in Direct Chill Casting 

3.1 Water Jet and Falling Film Physical Description 
The water jet emerges from holes or a slot in the mould, hits the ingot 
surface and then forms a falling film down the ingot surface (Figure 2). 
The impact point has a different cooling behaviour to the falling film and 
although the jet impact region is small (3-4 mm) it has a large impact on 
heat flow because this is where the initial boiling regime is determined. 

Angle of Jet 

Ingot surface 

Climbing night 

Water Jet 

Figure 2: Geometry of water jet. 

Where the water jet hits the ingot water flows both up and down the 
surface. At the impact point velocities are high and steam bubbles are 
rapidly swept away making it hard for a stable film to form. Above the 
impact point there is a low velocity pool. The important features of the 
jet and film are 
a) the angle of the jet (typically 15-30°) 
b) the velocity (typically 2 m/s) 
c) the thickness of the jet D (typically 1-2 mm) 
d) the height of the stagnant region above the impact point 
e) film thickness 
f) average velocity in the film 

If the angle is too perpendicular to the wall the water will bounce off the 
ingot surface without forming the falling film. The velocity of the jet 
increases with increasing flow rate and decreasing outlet area. The 
climbing height is hard to measure but Bergstrom (8) gives an equation 
from Milne-Thomson which is evaluated and shows for a typical 30° 
angle and 2 mm jet the climbing height would be 3 mm. This is 
consistent with our observations. 

The falling film is - 1-3 mm thick film running down the ingot. The 
average velocity down the ingot surface is set by the water flow rate and 
the thickness of the film. The thickness of falling films has been studied 
(9, 10) and found to follow the following type of relationship when the 
friction forces equal gravity 

S=c (2) 

This equation is shown in figure 3 for typical conditions. The film 
thickness increases with flow rate and decreases with diameter. Equation 
(2) enables Ur in the film to be calculated by 

U/ = 
δπϋ 

(3) 

giving a velocity within the film of around 1 m/s. The flow rate per 
length of perimeter is the key flow rate measure ie. mVms. Typical 
values are between 0.002 to 0.004 m3/ms (20-40 cm'/cms). An important 
point to note is that the mould design has little effect on this part of the 
cooling. The film basically does what it likes after exiting the mould and 
while the impact point is important most of the heat is extracted in the 
falling film region. 
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Figure 3: Predicted water film thickness. 

3.2 Typical Steady State Conditions 

Many measurements have been published of near surface temperatures, 
fluxes and heat transfer coefficients which give a good idea of the 
conditions occurring during casting(10-16). A typical set of cooling 
curves is shown in Figure 4. 

Weckman and Niessen's (11) modelling of heat flow during DC casting 
was the first to included an analysis of the water spray heat transfer 
coefficients. Taking thermocouple implant data from 2 casts they did a 
type of inverse calculation where they adjusted the surface temperature 
boundary condition input to the model, until the predicted temperature 
histories in the ingot matched the measured values. They were then able 
to get a heat flux versus temperature curve from the model. This was 
compared to the following equation from McAdams (2) for h in a free 
falling turbulent film and a good fit was obtained. 

lJk3p2g/M2 
= C„ 

Cp/J 

. k j 

1/3 "4Γ 
(5) 

This equation depends on the properties of water which vary with 
temperature. The properties were evaluated and a linear regression 
analysis done giving h as a function of the flow rate and the surface 
temperature ie. 

Α, = [-1.67χ105+704Γ]ρ"/3 
(6) 

shown in Figure 5. Interestingly, as the water temperature rises the h for 
the convection cooling also rises due to the effect of water temperature 
on water properties, but the flux decreases because it is the product of 
the h and the temperature difference. 

683 



■DMjDGCaciGaDi From Light Metals 1997, Reidar Huglen, Editor 

Using the usual assumption that the forced convection nucleate boiling 
would give the same values as pool boiling Weckman and Niessen took 
the following equation from Rohsenow (2) 

CPAT* 
=C, 

g,a 

fHA\g{p-pv) k ) 

(7) 

A good fit was obtained with a value of Cf of 0.016 n=l/3 and s=1.7 
which when the properties of water are substituted simplifies to 

20.8(Δ7Λ)3 (8) 
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Figure 4: Typical temperature measurements at various radial positions 
for casting of a 228 mm 6061 alloy billet at 110 mm/min. 

Following Rohsenow, Weckman and Niessen added the contributions 
from forced convection and boiling together (eqn 6 & 7) in the nucleate 
boiling regime giving 

h=Q"" (352(TS+TW)-167000) + 20.8(Ts-273)' (9) 

Rohsenow's latter works show film cooling approximates pool boiling 
and this remains a valid assumption. 

The exponent of one third for the sensitivity to flow rate shows that the 
values are not very sensitive to flow rate in the nucleate boiling regime. 
Increasing flow rate has another small effect by reducing the water 
temperature of the film. The film temperature increases as it falls down 
the ingot. This causes a small increase (1- 2%) in heat flow by increasing 
the difference in temperature between the water and the ingot surface. 

These h equations used by Weckman and Niessen produced a good fit 
between predicted and experimentally measured ingot temperature, 
indicating film boiling was not occurring. However, in cases where film 
boiling occurs these equations are appropriate only for the surface 
temperature below the critical temperature. Weckman and Niessen noted 
the possibility of exceeding the critical temperature at some critical 
casting speed; the surface temperature at the impact point rising as the 
speed increases. 

Baken et al., (12,13) measured heat transfer coefficients during casting, 
by freezing in thermocouples and calculating the surface temperature and 

fluxes. More of this data is also reported in Bergstrom (6). The peak h 
values were 50 kW/m2°K with a maximum flux of 5 MW/m2 for a rolling 
ingot and 20 kW/m2K and 3.5 MW/m2 for a 216 mm diameter billet. 
These numbers are of the same sort of order as predicted by Weckman and 
Niessen. The critical temperature was about 150 °C. The maximum heat 
flux increased with increasing casting speed and increasing water flow 
rate. The increase in qop with flow rate looks linear although there are 
not many data points. 
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Figure 5: Predicted h in the convection cooled region using equation (6) 
on a 90°C surface as a function of flow rate; for a 400 mm billet. 

Rappaz et al (1995) (14) by freezing in thermocouples and using inverse 
calculation, found the peak heat flux in the water spray was 4 MW/m2, 
similar to other published values. Tarapore (15) modelled casting of 
2024 alloy 396 mm diameter billets, found that to get the best fit with 
measured frozen in thermocouples, the peak h was 20 kW/m2K with 
values of 1.25-1.68 kW/m2K in the convection cooled region. Watanabe 
and Hayashi (16) found a good fit between predicted and actual pool 
profiles using a critical temperature of 150 °C and a peak value of h of 
-10 kW/m2K for the falling film with a low flow of 0.0014 m'/ms. For 
the impact point the peak h value was 30 kW/m2K. 

The dependence of qCHFon A°w r a t e c a n evaluated from equations (1) 
(2) and (3). This comes out to 

„•0.17 
qcmccQ (io) 

In other words, the flow rate per perimeter must be increased a great deal 
to increase the maximum heat flux. Since larger diameters supply more 
heat ie q ,̂,, required for steady state is greater, then Q' needs to increase 
with diameter. This is found in practice. The values of qCHF predicted 
from the equations, for the 178 mm example in Bergstrom (6), are ~ 2 
times higher than measured (-10 MW/m2 versus ~5 MW/m2). One 
possible explanation is that these equations are for fully developed 
falling films and the DC case has the impacting jet and stagnant zone 
above the jet. Also, the surface roughness qualities of the as cast material 
may be different to the test material used to obtain the data these 
equations are fitted to. Another interpretation is that the maximum fluxes 
measured in the DC cases are not at qCHF. For the maximum to be at qCHF 
then the surface temperature must be above the critical temperature and 
film boiling must be occurring to start with. This could disrupt the film. 
The flux vs surface temperature curves obtained in casting are not 
necessarily equivalent to true boiling curves. 
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3.3 Effect of the Impacting Jet Velocity 

Ma and Bergles (17) conclude that jet impingement nucleate boiling heat 
transfer is similar to forced convection inside tubes ie the same as the 
falling film of water below the impingement point. However, this 
remains a open question. 

By freezing in thermocouples on a 155 mm gas pressurised mould during 
casting, Grandfield and Baker found in 1987 (18) that under normal 
water flows for this mould (0.002 rn'/ms) the surface temperature at the 
impact point was around 250-300 °C and nucleate boiling occurred with 
a peak h of 40kW/m2K and a critical temperature of around 150 °C 
(Figure 6). These values gave an excellent fit with predicted and 
measured temperatures. Some unstable film boiling may have been 
occurring for a few mm near the impact point. 

£ 2 

150 200 

Surface Temperature (°C) 

Figure 6: Heat transfer coefficient as a function of surface temperature 
from thermocouple implants during casting. 

Normal conditions were with an impact velocity of 2 m/s. By doubling 
the slot width to 2 mm wide and using the same flow rate (60 1/min) the 
impact velocity was reduced to 1 m/s. Under the low velocity condition, 
film boiling occurred giving high surface temperatures (Figure 7). The 
ingot was found to have a much coarser microstructure. This result is 
interesting because it shows the independent effect of the impact 
velocity. The flow rate was still the same and the falling film 
characteristics were the same, but because the h in the impact point was 
reduced the surface temperature remained above the critical temperature. 
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Figure 7: High near surface temperature on 155 mm 6063 billet caused 
by film boiling. 

A 1996 paper by Matsuda et al (19) also reported the affect of various 
slot widths from 1 mm to 5 mm by measuring heat fluxes with 

thermocouples in a heated billet lowered into the water spray. Again, the 
boiling curves clearly showed that the heat flux decreased with 
decreasing impact velocity. Also, the maximum flux decreased with 
decreasing impact velocity. This was used to reduce cracking tendency. 

Under usual conditions the flow velocity for the impacting jet is ~2m/s 
as opposed to ~lm/s in the falling film. The transition to film boiling is 
therefore more likely to occur in the falling film as qCHF for the film is 
less than the impacting jet. We have observed this during casting, either 
going from nucleate to film or film to nucleate boiling at a point below 
the impacting jet. A clearly visible transition front moves up or down 
the ingot in the falling film. 

3.4 Cast Start 

At cast start depending on flow conditions, surface temperatures can 
exceed the critical temperature and film boiling can occur. 
Thermocouple implant measurements we have made, show clear 
evidence of this (Figure 8). Temperature measurements by others (16,20) 
also show plateaus in the cooling curve caused by film boiling. 
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Figure 8: Near surface and centre temperatures for a 304 mm 6061.4 
alloy billet. The thermocouple is positioned 20 mm above the base of 

the ingot near the surface. 

During trials to optimise cast start conditions for rolling block we have 
observed film boiling occurring on the ingot surface. Film boiling 
produces a distinct hissing sound and an opaque water film effect. When 
film boiling occurs in the falling film, the stream can fly off the surface. 
We have observed this at the start of sheet ingot casting and on the DC 
water spray rig. 

In summary, under normal conditions during steady state, mostly 
nucleate boiling occurs with perhaps some surface experiencing unstable 
film boiling near the impact point, while at cast start, film boiling can 
sometimes occur. 

4. Quench Tests 

It is difficult to conduct experiments on water composition with the 
actual process. To investigate the effect of composition specifically for 
DC casting, quench tests have been used (8,21-27). These methods 
involve quenching either a block or plate and examining the cooling rate. 

In 1985 Ho Yu (21), used a hot missile dropped into water to show that 
various additives affect the boiling heat transfer. He discovered that, 
dissolved air, surfactant, cationic polyelectrolyte and dissolved castor 
oil were all found to reduce the boiling heat transfer. Bergstrom (22) 
measured the heat transfer of a water jet with an electrically heated hot 
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plate with thermocouples in it which was then quenched. Bergstrom's 
results showed; 
a) reduced qcnr as mass flow rate went down. 
b) maximum heat flux occurred at a jet angle of 30° 
c) increasing qCHF with decreasing water temperature (-10-50 "C water 

temperatures) 

Bramberger and Prinz (23) developed an equation for the h based on 
immersion cooling measurements from quench tests for non-ferrous 
metals. Their equation predicts values on the low side of those 
measured in DC casting of aluminium. They found increased water 
temperature decreased the heat transfer coefficient. Mueller and Jenzer 
(23) measured cooling rates in a bar quenched at one end with a water 
jet, and developed an equation for maximum h as a function of spray 
flux density and the properties of the metal bar. Kraushaar et al's 
(24) 1995 paper builds on the work of Meuller and Jenschar (25). A hot 
metal piece is quenched on one face only using similar flow conditions 
to DC casting. The rest of the part is inside a furnace to try an minimise 
the cooling rate. They measured the effect of water spray density ie the 
velocity of the jet. However, the values they use (1901/m2.min) are very 
low compared to DC casting ~2000 l/m2.min. There results show a 
maximum h of 50 kW/m2.K at a surface temperature of about 160 
degrees C, and a very steep curve in the region from 100 to 160 degrees 
C. 

In 1995 Langlais et al (26) using the same technique as Ho Yu and a 
modified version, where the hot slug is placed in front of the water spray 
in an open top block mould to test the actual plant water at the point of 
use, found the following; 
a) Water temperature has little effect on cooling rate up to 30°C. 
b) Oil concentration reduces cooling rate markedly above 10 ppm. 
c) Flocculant has little effect up to 100 ppm. 
d) Increasing cycles of concentration reduced cooling rate. 

Hamilton and Chen (27) have recently conducted quench studies using a 
200 mm long 75 mm square centrally preheated 460 °C block immersed 
into water. Results consistent with previous work were obtained 
a) increasing water temperature promoted film boiling at lower surface 

temperatures 
b) dissolved C02 extended the time over which film boiling occurred 
c) forced convection promoted nucleate boiling 
d) NaCl and CaCOj additions promoted nucleate boiling 
e) paniculate increased nucleate boiling heat transfer 
f) surface tension lowering surfactant prolonged film boiling but 

increased the intensity of nucleate boiling heat transfer 

While these types of test give some useful results, they have a number of 
shortcomings. The missile test does not have the convective water flow 
conditions which occur during casting; pool boiling occurs rather than an 
impacting jet and a falling film. This means that the heat transfer 
coefficients are much lower than those occurring during casting. 
Transition temperatures are also quite different. While the use of actual 
water flow geometry overcomes some of these problems, the tests are 
still have a dynamic heat flow at much reduced fluxes than occur during 
casting. Hence, one cannot directly use the measurements from these 
tests in casting models to predict the effect of changes in h on the actual 
process. 

5 Comalco DC Spray Rig 

Considering the difficulties with dynamic quench tests which do not 
exactly duplicate the heat fluxes and flow conditions in casting, plus the 
problems of in situ measurement, such as, 
a) accurate positioning of thermocouples near the surface 
b) difficulty of accurate inverse calculation 
c) requirement for accurate property data 
di exnense. 

we designed a test which has the same heat fluxes, and the same water 
flow conditions, operating at steady state. 

The method consists of a heated body with a water cooled surface, the 
water jet arrangement being exactly the same as in DC casting 
(Figure 9). The heat source is arranged to give the same level of flux as 
occurs in steady state DC casting ie up to 8-9 MW/m2. The cooled body 
has thermocouples throughout. The heat flow in the body is modelled 
using the 3-MOS package and the full inverse problem solved for the 
heat transfer coefficients at the water cooled surface. The rig can be held 
at a stable heat flux and the heat transfer coefficient and surface 
temperature calculated. In this way we duplicate as closely as possible 
the behaviour in DC casting. 

Mould section 
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Figure 9 Schematic of DC spray rig. 

Using the DC spray rig we are able to generate boiling curves for various 
conditions. Each point on the curve being at steady state rather than 
dynamic as usually occurs in quench tests. A typical boiling curve 
obtained from the DC spray rig is shown in figure 10. The four boiling 
regimes are evident, convection, nucleate boiling, transition boiling and 
film boiling. The results show similar values for h and fluxes to the 
published literature on measurements during casting ie critical 
temperatures ~150-200°C, qCHF ~5-6 MW/m2 and peak h 
-50-60 kW/m2K. Values in the convection region follow the equation 
derived by Weckman very well. In the film boiling region h values are 
around 5-10 kW/m2K depending on conditions. 
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Figure 10: Typical boiling curve for deionised water obtained from the 
DC spray rig 
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5.1 Effect of water temperature 
In our tests we observed no discernible differences in the boiling heat 
transfer for water temperatures in the range 15-35 °C. However, when we 
tested 43 °C water we found that the transition from nucleate boiling to 
film boiling occurred at a lower surface temperature but heat transfer was 
increased in the nucleate boiling regime (Figure 11). 
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Figure 11: Effect of water temperature on boiling heat transfer. 

5.2 Effect of Water Klow Rate 
This small effect of flow rate has also been borne out in our DC spray rig 
results; where the measured heat transfer coefficients in the nucleate 
boiling regime do not vary much with flow rate (Figure 12). However, 
the flow rate has an important effect on where the transition to film 
boiling occurs. As rate increases the transition occurs at a higher surface 
temperature. 
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Figure 12: Effect of flow rate on h. 

5.3 Effect of Total Dissolved Solids on Critical Temperature 

When one compares the results of various tests for deionised water, 
Melbourne tap water and plant water there appears to be a trend of 
increasing critical temperature with increasing total dissolved solids 
(Table 1). This is consistent with the published literature (28) which 
shows that when quenching with deionised water, film boiling occurs for 
a longer time and the critical transition temperature is much lower than if 
hard water is used. Quench severity is known to be much greater when 
harder water is used ie cooling rates are higher. In fact this is why high 

TDS water is known as "hard" water; the higher cooling rate producing 
harder metal! 

TABLE 1: Effect of Total Dissolved Solids on Critical Temperature 
Above which Film Boiling Occurs. 

Water Source 

deionised 

Melbourne Tap 

Plant Water 

Total Dissolved 

Solids TDS 

(ppm) 

0 

53 

380 

Critical Surface 

Temperature 

fC) 

133 
149 

>165 

5.4 Effect of Water Treatment Chemicals 
One of our plants was looking to change biocides. The effect of various 
combinations of additives on the boiling curves was tested on the DC 
spray rig. The results showed differences in qCHF for the two additive 
combinations (Figure 13). 
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Figure 13: Effect of water treatment chemicals on boiling curve for two 
sets of treatment chemicals in deionised water. 

5.5 Effects of Wagstaff Turbo™ System at Cast Start 
A study using the DC spray rig of the effect of the Wagstaff TurboTM 
system (used to reduce cooling rate and butt curl at cast start) on heat 
transfer and the interaction with water type and flow showed 

a) the Wagstaff Turbo™ system lowered the critical temperature and 
promoted the transition to film boiling at lower surface temperatures 
(Figure 14). 

b) Melbourne tap water (53 ppm TDS) had a lower critical temperature 
than plant water (380 ppm TDS), ie. film boiling occurred more 
readily with the purer water. 

c) the magnitude of the heat transfer coefficients in the nucleate boiling 
regime for plant water were less than those with Melbourne tap 
water. 

d) at high water flows, film boiling was suppressed but there was no 
change in the magnitude of the h at a given surface temperature. 

e) at high water flows, the Turbo system could not produce film 
boiling. 
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good angle with a slot requires the solid material at the mould face to be 
thin and damage prone. 

The angle is also important because it changes the effective mould 
length. This is defined as the distance from the where the metal first 
touches the mould to the point where the water hits the ingot. 

The mould must be designed to minimise pressure drop and flow 
variation around the perimeter of the mould. This is mostly a function of 
good baffling and ensuring that the point of exit has the highest flow 
resistance in the system. Again a smaller exit area will achieve this. 

Another big difference between holes and slots is that with a slot the 
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Figure 14: Effect of Turbo™ system on boiling heat transfer. Flow rate 
"20 cc/cms. 

6. Control of Factors Effecting Boiling Regime 

While the above shows the effect of various factors on water cooling we 
need to know the corresponding effect on the temperature distribution 
and solidification behaviour to know if these effects are important. In 
Part II we show that the variation in water cooling intensity becomes 
significant when film boiling occurs. As long as nucleate boiling is 
achieved, then any variation in h has minimal effect on the process. 
Therefore, to minimise variation of the performance of DC casting due to 
water cooling, factors affecting transition to film boiling i.e. water 
temperature, flow rate, impact velocity and composition (TDS, oil and 
other chemical concentrations) must be controlled. 

6.1 Physical Factors 
Flow rate control systems are sufficiently accurate to ensure low flows 
do not cause film boiling. However, seasonal variation of water 
temperature may give rise to high enough (>~40°C) temperatures to 
cause film boiling. To counter the effect of high temperatures, higher 
flow rates can be used to suppress film boiling. However, the low 
sensitivity of qCHF to flow means the flow rate must be greatly increased. 
Problems may arise if there is insufficient supply capacity. Indeed, to 
maximise productivity of a casting installation without expenditure on 
water system upgrades the flow rate per mould must be minimised 
possibly leading to further problems with film boiling. 

Taking account of the above, moulds should be designed to achieve the 
required impact velocity to low flow rates. By reducing the area of the 
water outlet this can be achieved. However, the following engineering 
considerations dictate the mould water exit be designed so that 
1. it does not block up, causing restriction in flow of the water. 
2. it is not easily damaged 
3. it is practical to make, with good dimensional tolerances. 

If a small slot width or hole size is used they are more prone to blockage. 
Blockage can be caused by solids, and oil etc in the water. Ideally the 
filtration system should remove such objects but in practice many plants 
do not have good enough filtration. Holes tend to be better in this regard 
as the aperture size can be kept bigger but the exit area reduced by 
reducing the number of holes to keep the impact velocity high. Holes 
tend to be more robust and easier to make as well. With a slot the two 
major pieces can be off centre so that the slot width varies around the 
mould producing asymmetry in the billet cooling. Also, to achieve a 

water curtain forms a continuous film around the mould. This effectively 
seals the base of the mould. Consequently, when using a gas pressurised 
mould, where the gas must escape down the mould, the water film 
periodically is disrupted by gas release when a slot is used. With water 
holes the jets only form a continuous film on the ingot allowing gas 
release. 

By using a small orifice area, high impact velocities can be obtained 
while maximising the number of moulds and minimising individual flow 
without causing film boiling. Water system upgrades can be reduced 
while expanding capacity. 

The Wagstaff dual jet (25) system serves to further enhance the effect of 
the impacting jet, by using two jets hitting at two points. 

6.2 Compositional Factors 

Water composition variation is largely dependant on the type of water 
system used; straight through or recycle. The latter is becoming more 
prevalent to minimise environmental impact. It makes sense to run high 
cycles of concentration to reduce makeup water and treatment chemical 
consumption and cost. This leads to high TDS. 

The problem of excessive butt deformation during cast start causing 
cracking and an undesirable shape (butt curl) is well known. The 
technical solutions to this problem include a number of methods which 
change the water cooling to promote film boiling with a reduced heat 
transfer at cast start. These methods include Alcoa's C02 injection 
process, pulsed water, and Wagstaff s Turbo air injection system. 

Extensive experimental studies of block cast start were made to optimise 
the conditions for reducing butt curl, including water analyses during 
CRC and plant tests. This work showed clearly that film boiling occurs 
at cast start and is essential to reducing cooling to minimise butt curl. 
Also, that higher TDS water tended to cause problems with the use of 
Turbo, consistent with the measurements on the DC spray rig which 
showed higher critical temperature with higher TDS and greater 
difficulty in promoting film boiling. 

Also, from the point of view that increasing TDS appears to increase the 
critical temperature; high cycles of TDS may be more desirable for billet 
casting as there is less likelihood of film boiling occurring. The reverse 
might be true for block casting when film boiling needs to be encouraged 
at cast start. 

Although not quantified on the DC spray rig test, published data (22) 
indicate increasing oil concentration promotes film boiling. The solution 
to this problem is oil removal systems (also required for environmental 
reasons), but also to minimise oil usage. The Wagstaff LHC mould for 
sheet ingot is a mould technology using very low lubricant rates, but also 
limits of minimum oil flow rates needs to be explored with existing 
mould technology. With respect to other chemicals, there is no reason 
why systems for biocides and corrosion inhibitors etc should not be used 
which give a continuous steady concentration rather than slug dosing. 
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7. CONCLUSION 

In this paper, we have reviewed and shown using the DC spray rig, the 
effect of compositional and physical factors on water cooling and 
suggested strategies for their control. In part II of these papers (1) we 
show using mathematical models, the quantified effect of changes in the 
quench heat transfer coefficient on the temperature distribution, 
solidification behaviour and such parameters as the pool depth. It is 
essential to realise that the effect of any variable on water cooling must 
be examined by its effect on the temperature distribution not solely the 
cooling intensity. This can be achieved using a combination of the DC 
spray rig technique and experimentally verified mathematic models. 
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Appendix A Heat Absorbed by Water 

Measured Case: 6063 alloy 155 mm billet cast at 150 mm/min with 60 
1/min water. Heat Input from Casting 

Total Heat Flow = VpTtr2(CPi(Tm -Tl) + L + Cps(Tl - Tfj) 
~ 128 kW 

Heat Absorbed by Water 
measured temperature rise of water ΔΤ= 30 °C 

Heat absorbed = QpCpiAT 

=125.4 kW 
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