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4.1 Introduction
Fig. 4.1 shows the different cooling sites of a continuous casting machine. In the copper mold (a)
heat is transported to the cooling water. A shell solidifies, attaining a thickness of 1 to 3 cm at the
end of the mold. The interior of the strand stays liquid or mushy for many meters downward,
depending on the casting rate and the strand thickness. Below the mold, in the so-called secondary
cooling zone, cooling is performed by water sprays (b), by contact with water cooled support (and
driven) rolls (c), and in the lower part of the machine, beyond the spray zone, mainly by radiation
(d) and contact with the rolls.

Two principal methods are used to investigate the heat transfer in continuous casting. The main
way is to measure cooling water temperatures, mold wall temperatures, strand temperatures and
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shell profiles in the actual operation, and then deduce from these data heat flux densities and/or
heat transfer coefficients. The other way is to investigate the unit heat transfer operations theoret-
ically or experimentally in the laboratory, viz. heat transfer through layers of casting flux or heat
transfer under spray nozzles. In the following sections the various heat withdrawal phenomena in
continuous casting will be discussed.

4.2 Heat Withdrawal in the Mold
Continuous casting molds are made of copper alloys and are internally cooled with water. The
active cooling length of molds for continuous casting of steels ranges from 600 to 900 mm. To
decrease the friction between mold and strand, a lubrication medium is added to the mold, which
is casting flux made of mineral materials for slab and bloom casting, or oil for small section billet
casting. The lubricant forms a layer between the strand and mold wall. Farther down, the solid shell
may shrink away from the mold because of thermal contraction. A gap is formed that is filled with
gas. Obviously, the mechanism of heat transfer from the surface of the strand to the cooling water
is complex, involving resistances in the layer of flux, in a gap filled with gas, in the copper wall
and in the water.

From the comparison of thermal conductivities in Table 4.1, it can already be assumed that most
of the thermal resistance of the mold is in the gas gap.

4.2.1 Heat Flow Through a Layer of Casting Flux
Fig. 4.2 shows schematically the casting flux layer in the upper region of the mold where a macro-
scopic gas gap does not yet exist, and the temperature profile between the steel shell and the mold
wall. The flux, which has a liquidus temperature around 1150°C, is liquid in contact with the hot
strand and solid at the mold. There may be a mushy zone between the liquid and the solid parts
consisting of a crystal-melt mixture. Whereas perfect contact can be assumed between the strand
surface and the liquid, this is not necessarily the case between the solid and the mold. That is,
depending on the composition of the flux, its cold surface at the wall of the mold may not be
smooth. The wrinkles are filled with gas. So, also in the upper part of the mold where no macro-
scopic gap exists, there can be an effective microscopic gap causing an interface resistance at the
mold wall. The transport of heat through the layer is both by conduction and radiation. The latter
is complicated, particularly also because the solid region of the layer may be partially in the glassy
state and partially crystalline.

A theoretical modeling of the radiative and conductive heat transfer through a layer consisting of sub-
layers of different phases is rather difficult, although this has been attempted in recent literature.1 For
the engineering application it suffices to have the experimental data for the overall heat flux that
can be obtained in the laboratory with apparati designed for this purpose. For instance, the strand

Table 4.1  Comparison of Thermal Conductivities of Materials Present in a
Continuous Casting Mold

Temperature Thermal conductivity
(°C) (W m–1 K–1)

Steel St 37 1200 29
Copper 30–130 385
Casting flux (λapp) 1000–1300 0.5 to 1.2
Water 25 0.62
Nitrogen 1000 0.075
Radiation conductivity 1400 (T0) 0.075

of gas gap at dgap = 1 mm 1000 (T0) 0.043



can be simulated by a steel
plate that is heated by an elec-
tric current.2,3 The plate has a
trough in which the casting
flux is fused. A copper block,
cooled internally with water,
serves as the mold. The setup
is instrumented with thermo-
couples for determination of
the heat flux (via temperature
gradient in the copper) and of
the mold and strand-side tem-
peratures Tm and T0, respec-
tively. Fig. 4.3 shows heat
flux densities obtained in
such a manner with two dif-
ferent casting powders. Fig.
4.4 gives apparent layer con-
ductivities λapp deduced on
the basis of equation:

(Eq. 4.1)

The apparent thermal conduc-
tivity λapp increases with strand
temperature T0, indicating the
effect of radiation. There is
also a marked influence of
composition (compare Figs.
4.4a and b), which is caused by the different absorption coefficients of the oxides, and by the
effects of the different oxides on making the layer partially crystalline and on producing a non-
smooth interface at the mold side. Although the actual measurements (Fig. 4.3) were taken with
somewhat thicker flux layers than usually present in continuous casting and partially (flux 1) do
not extend to 1500°C, the λapp values (Fig. 4.4) can readily serve to compute the heat flux density
also for smaller layer thickness and higher temperature.

4.2.2 Heat Flow Through a Gas Gap

When the temperature along the strand surface drops below the solidus temperature of the casting
flux, the flux layer becomes completely solid. Due to the shearing forces caused by the relative
motion between the strand and mold and due to shrinkage of the flux, the coherence of the layer
may be destroyed, and there will be, at least locally, heat exchange between the strand surface and
the mold wall directly over a gas gap. Also, if in the lower part of the mold the conicity of the mold
does not balance the shrinkage of the strand shell or if the ferrostatic pressure does not suffice to
press the strand shell against the mold, a macroscopic gap will develop. The gas in the gap is
formed mainly from air (penetrating into the gap from the lower end of the mold) and consists pri-
marily of nitrogen, since most of the oxygen has been removed from the air by reaction with the
strand surface. It may contain some water vapor from the water sprays below the mold and, in the
upper part of the mold, hydrogen generated by reduction of water by the steel surface. It may also
contain some carbon dioxide and monoxide originating from various reactions between the gas, the
steel and the flux.
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The heat transfer over a gas gap contained between two parallel metal plates has been investi-
gated with the same setup as described in Section 4.2.1.2,4 In Fig. 4.5a the obtained heat flux den-
sities are plotted against the hot surface temperature T0 (strand temperature). The cold surface
temperature Tm (mold temperature) is given in Fig. 4.5b. Since the optical thickness of a thin gas
layer is small, the total heat flux can be written as the sum of conductive and radiative compo-
nents:

q = qc + qr (Eq. 4.2)

which are independent of each other and are given as:

(Eq. 4.3)

(Eq. 4.4)

The radiation constant σ has the value 5.669 ✕ 10–8 W m–2 K–4. Using the expression

λ95N2–5H2
= 3.565 ✕ 10–4 T0.768, W m–1 K–1 (Eq. 4.5)

for the 95% N2–5% H2 layer applied in the experiments of Fig. 4.5, equation 4.3 can be integrated:
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(Eq. 4.6)

yielding

(Eq. 4.7)

with all temperatures in K and dgap in m.

Hence, the total heat flux density is given by:

(Eq. 4.8)

Equation 4.8 is perfectly fulfilled by the measurements yielding an average emissivity, defined
as ε0+m

–1 = 0.5 (ε0
–1 + εm

–1), of the copper and steel surfaces of ε0+m = 0.4. This value refers to
the metallic surfaces (in reducing gas) in the laboratory setup. For oxidized surfaces ε0+m is
larger.

By comparing the data in Fig. 4.5 with those in Fig. 4.3, it is evident that the heat flux through a
nitrogen (plus hydrogen) gap is low compared to that through a casting flux layer. Gap formation
causes a high resistance to the heat transfer between strand and mold and decreases the cooling
capacity of the continuous casting mold.

4.2.3 Heat Flow Through a Water-Cooled Copper Plate and Total
Resistance for Heat Transfer in the Mold

The heat transfer in the copper wall from the hot side to the water-cooled cold side involves resis-
tances in the copper body and at the boundary between the copper and the water. In the mold there
should be no boiling; that is, the heat flow occurs in the stability domain of water. However, there
can be steam formation if the water flow rate is too low, causing distortion of the mold and dele-
terious effects on the strand. Evaporation plays an important role, however, in the spray cooling of
the secondary cooling zone. We will first discuss some fundamental aspects of heat transfer into
water at a heated plate.
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4.2.3.1 General Characteristics of Heat
Transfer from a Heated Wall into Water

The mechanism of heat transfer from a heated
plate into water depends strongly on tempera-
ture, as has been known for a long time from
studies of the cooling of hot bodies in stagnant
(pool boiling cooling) and streaming water
(flow boiling cooling) or from heat transfer in
pipes. Fig. 4.6 shows a diagram in which the
heat flux density is plotted against the differ-
ence Tn – Tw between the wall temperature Tn
and the bulk temperature Tw (= 40°C) of the
water. Several regions have to be distinguished:

• At low temperature (small tempera-
ture difference Tn – Tw) there is little
or no evaporation. The small bubbles
formed at the surface are detached
and recondense in the cold bulk of
the water. The heat transfer coeffi-
cient can be explained quite well by
the laws for convective transport at a
heated wall.

• If the surface temperature exceeds the
boiling point by a certain value, there
is a region of so-called nucleate boil-
ing. The formation of steam bubbles
occurs at the wall, with the number of
nucleation sites increasing with tem-
perature. The detaching bubbles
cause a vigorous stirring of the water close to the wall, which leads to a strong increase
of heat transfer.

• At a certain temperature the heat transfer coefficient reaches a maximum at the so-called
burn-out point. The following decrease is brought about by the formation of an isolating
steam film between the surface and the bulk of the water. This film is not yet stable. The
temperature range is called that of unstable film boiling.

• Finally, the steam film becomes stable at the Leidenfrost temperature (about 250°C in
Fig. 4.6), completely preventing the contact of the water with the hot surface. Above
this temperature is the range of stable film boiling, in which the heat flux density again
increases with increasing temperature.

4.2.3.2 Heat Transfer to Cooling Water in Continuous Casting Molds

The heat flow in the copper wall of a simple tube mold for billet casting is essentially one-dimen-
sional, except at the edges of rectangular molds and in the meniscus region, but it is two-dimen-
sional around the water ducts of a slab mold. Correlations for the heat transfer coefficient, which
take into account the specific features of a continuous casting mold, are not available. However,
approximate values can be deduced from the correlations for the Nusselt number for flow in pipes.

The schematics of the temperature profile between the strand temperature T0 and the water tem-
perature Tw and of the geometry are depicted in Figs. 4.7 and 4.8. For the billet mold, Fig. 4.7a,
the heat flux densities in the thermal boundary layer of the water and in the copper wall are
expressed as:
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(Eq. 4.9)

In the slab mold, Fig. 4.7b, the contact areas of the copper body with the strand and with the water
are different. Hence, the heat flux densities are different at both sides. Also, the conduction path in
the copper varies between L2 and L2 + L4. The first effect can be taken into account by using the
equality q L1 = qw LD,eff, where qw is an average heat flux density at the sides of the water duct and
LD,eff is an effective periphery of the water duct. The second can be accounted for by application
of an effective copper thickness, LCu,eff.

Hence, for the slab mold

(Eq. 4.10)

Here, Tl is an average wall temperature. The values of LD,eff and LCu,eff may be represented by var-
ious approximate formulae. Convenient expressions have been found to be:

(Eq. 4.11a)

(Eq. 4.11b)

The literature contains many forms of the correlation for the heat transfer coefficient in pipes.6,7

The following is based on the equation:6

(Eq. 4.12)Nu
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with Re = D vw ρ/η and Pr = cp η/λ, which is valid in the highly turbulent region (Re > 20,000).
The material property factor λ ρ0.8 Pr

1/3 η–0.8 of water has been evaluated from the compiled data of
λ, η, Pr and ρ and found to be close to linear with temperatures in the range of 10 to 60°C.8,9

Hence, the expression for the heat transfer coefficient to water in a round pipe is:

, W m–2 K–1 (Eq. 4.13)

in which the water temperature Tw is in °C, the water velocity vw in m s–1 and the pipe diameter D
in m. The factor η/ηl between the viscosities of the water in the bulk stream η and at the hot wall
ηl increases considerably with increasing temperature Tl at the wall, but due to the exponent 0.14
the effect of the viscosity ratio is still moderate. For instance, (η/ηl)

0.14 is 1.284 for Tw = 30°C and
Tl = 200°C. Hence, the factor may be used if desired in the following application to continuous
casting, but it may also be omitted in view of the other approximations. In application to the con-
tinuous casting molds, the diameter D is replaced by the hydraulic diameter Dhydr of the water duct
in the mold:

(Eq. 4.14)

Hence, for the slot of width Lw of a billet mold (Fig. 4.7a)

Dhydr = 2Lw (Eq. 4.15)

and for the channels of a slab mold (Fig. 4.7b)

(Eq. 4.16)

Inserting equation 4.15 or 4.16 into equation 4.13 yields

, W m–2 K–1 (Eq. 4.17)

(Eq. 4.18)

with Tw in °C, vw in m s–1 and the dimensions L in m. These equations are valid as long as there is
no steam evolution in the duct. It is very important that the burn-out point is not approached in
mold cooling (see Fig. 4.6). To ensure that such an event cannot occur, the flow velocity of the
cooling water must be chosen so high that Tl is safely below the boiling point. Typical flow veloc-
ities are in the range of 5 to 10 m s–1.

The total heat transfer coefficient between the strand surface and the cooling water of the mold,
defined by:

q = h (T0 – Tw) (Eq. 4.19)

is obtained from equations 4.1 and 4.9 or equations 4.1 and 4.10 as:

(Eq. 4.20)
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(Eq. 4.21)

Equations 4.20 and 4.21 can be rewritten in terms of resistances as:

R = Rw + Rm + Rcf (Eq. 4.22)

with:

(Eq. 4.23)

(Eq. 4.24)

(Eq. 4.25)

(Eq. 4.26)

If there is a gas gap instead of the casting flux layer (lower region of the mold), Rcf in equation
4.22 is replaced by:

(Eq. 4.27)

Rgap can be taken from the experimental data (Fig. 4.5) or be computed with equation 4.8. Table
4.2 gives the typical numerical values for the different Rs. It is evident that by far the main part of
the total resistance is in the flux layer or in the gas gap. There the temperature drop is largest, as
has already been indicated qualitatively in Fig. 4.8. The resistance of a gas gap is much larger than
that of the casting flux layer. The cooling capacity of continuous casting molds is decreased
strongly by the formation of gas gaps.
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Table 4.2  Typical Magnitude of Heat Flow Resistances of the Different Regions
Between the Strand Surface and the Cooling Water in a Continuous Casting Mold

Regime and physical data R, m2 K W–1

boundary layer of water, 4.3 ✕ 10–5

Lw = 1 cm, vw = 8 m s–1, Tw = 25°C

copper plate, 2.6 ✕ 10–5

LCu = 1 cm, λCu = 385 W m–1 K–1

casting flux layer, 50 ✕ 10–5

dcf = 0.5 mm, λapp = 1 W m–1 K–1

gas gap, 420 ✕ 10–5

dgap = 0.5 mm, 1200°C
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Remember that equations 4.10, 4.11a, 4.11b and 4.21 for the slab mold represent approximations.
The accurate treatment of the heat flow in the slab mold involves the computation of the two-
dimensional temperature field in the cross-section of the copper body.

4.2.4 Plant Data on Mold Heat Transfer
The data on the unit heat transfer operations give insight into the different mechanisms operating
in the mold, and they are useful tools in optimization efforts. However, the heat flux existing in
reality must be measured on a live continuous casting mold. Such measurements are performed by
determination of the temperature gradients in the copper plate of the mold using molds instru-
mented with thermocouples, and by determination of the increase of the temperature of the cool-
ing water. The main parameter influencing the heat withdrawal in the mold is the casting velocity,
but there are several other factors: the taper of the mold, the type of the mold (e.g., straight,
curved), the guidance system below the mold, the type of the lubricant, the composition of the steel
(e.g., carbon content) and the superheat. If the data are to be used in modeling work, it is useful to
present them in the form of analytical expressions.

4.2.4.1 Local Heat Flux Density in the Mold

Fig. 4.9 shows two sets of data of the local heat flux density along the length of the mold.11,12 There
is a maximum of the heat flux density somewhat below the meniscus. Downward the heat flux den-
sity usually decreases. However, the curve is not always smooth as in Figs. 4.9a and b; that is, there
can be oscillations. Also, a plateau may be reached or there may be an increase again at the lower
end of the mold (Fig. 4.9b), which occurs if the gap thickness decreases in the lower part of the
mold or if contact is established again. If the gap between the mold and strand is of approximately
uniform thickness, or if it increases uniformly in the downward direction (that is, if the conicity of
the mold and the guidance of the strand below the mold are correct), the decrease of the heat flux
density along the length of the mold is continuous and according to a smooth curve. To a good
approximation, straight lines result in half-logarithmic plots. Examples are shown in Fig. 4.10.
Hence, q can be described, for the normal operation, by the exponential law:10
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q = qa e–αz (Eq. 4.28)

The exponent α, which results from the
slope of the straight lines, is usually
about 0.0015 mm–1. Further, the data
demonstrate that the heat flux increases
with increasing casting velocity vc. This
effect and the decrease down the mold
are caused partially by the increase of the
heat resistance of the solid steel shell.
The shell thickness decreases with
increasing strand velocity, at given dis-
tance z from the meniscus, due to the
shorter solidification time, and it
increases, of course at given casting
velocity vc, with increasing distance z
from the meniscus. Also the heat resis-
tance of the gap depends on the casting
rate. It can be expected that the upper
zone with the coherent layer of casting
flux is extended and that, in total, the gap
becomes thinner with increasing casting
rate. Thus, the heat resistance of the gap
decreases with increasing casting rate.

The heat flux density at the meniscus
cannot be measured directly with the
usual technique (determination of tem-
perature gradient with two thermocou-
ples) because the temperature field in the
copper plate is strongly two-dimensional
in this region, causing a considerable lon-
gitudinal heat flow upward to the cold top
of the mold. However, apparent heat flux
densities qa at the meniscus can be
obtained by extrapolation to z = 0 of the
straight lines in plots according to Fig.
4.10. In Fig. 4.11a the qa values are plot-
ted against vc in log-log scale. From the
normalized graph in Fig. 4.11b the rela-
tionship:

(Eq. 4.29)

is deduced with β = 0.56. Hence, for the
mold heat flux density the simple equation:

(Eq. 4.30)

results, in which vc is in m min–1 and z in mm. The quantity A is the apparent heat flux density at
the meniscus (z = 0) if vc = 1 m min–1. It depends on additional parameters and varies considerably
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for different machines and casting practices (see Fig. 4.11a). As a first number, A may be taken to
be 200 W cm–2 (m min–1)–0.56.

In the data evaluation leading to equation 4.30, it was assumed that the local heat flux density
depends on the two independent variables z and vc. Alternatively, it may be expected that, in an
approximate manner, the local heat flux density is a function of the time t of travel of a strand slice
from the meniscus to the location z. Hence, in this case the two variables z and vc are combined
into the single variable t = z/vc and expressions of the forms:

q = A t–γ (Eq. 4.31)

q = A – B t0.5 (Eq. 4.32)

q = A – B t + C t2 – D t3 + E t4 (Eq. 4.33)

q = A e–γ t + B (Eq. 4.34)

have been used where A to E are constants.12–15 For instance, Fig. 4.12 shows the data of Fig. 4.9b
plotted as a function of t, and indeed the points for the different casting velocities fall fairly well
on a single curve given by:

q = 722 t–0.558 (Eq. 4.35)

where q is in W cm–2 and t in s. The correlations with t can be justified theoretically if the heat
transfer coefficient caused by the gap is a sole function of t; that is, the physical state of the gap
changes with z and vc according to z/vc, which, of course, is not strictly so in reality. There is also
the practical problem that the apparent heat flux density at the meniscus (value of q at t = 0) is inde-
pendent of casting velocity vc according to equations 4.32 to 4.34, which is not in accord with the
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extrapolated data (see Fig. 4.11a) and for which is hard to imagine why it should, or that it becomes
infinite according to equation 4.31.

4.2.4.2 Average Heat Flux Density in the Mold
The average heat flux density q– can be computed from the increase of cooling water temperature
∆Tw, via the formula:

(Eq. 4.36)

where Q is the volume rate of the cooling water, ρ the density (997 kg m–3 at 25°C), cp the heat
capacity of water (4180 J kg–1 at 25°C), Lm the mold length in contact with the strand (normally
600 mm) and W the perimeter of the tube mold (billet mold) or the width of a mold face with sep-
arate cooling circuit (slab mold). The average and local heat flux densities are interrelated by:
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and the expression corresponding to equation 4.28 is:

(Eq. 4.38)

and with equation 4.29

(Eq. 4.39)

Fig. 4.13 shows experimental data for q– as a function of vc.
16–23 The two lines representing equa-

tion 4.39, one for Lm = 600 mm and the other for Lm = 900 mm (high speed casting), are included
for comparison.

Alternatively, if the solidification time t is used instead of distance z, the local and the average heat
flux densities are interrelated by:

(Eq. 4.40)

where tm = Lm/vc is the time of residence in the mold of a downward-traveling strand slice (dwell
time). From equations 4.31 and 4.32 we get the following:
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Equations of the form of 4.41 and 4.42 have been used by many authors. Figs. 4.14 and 4.15 show
sets of data collected by Lait et al.24 and by Wolf,25 respectively, which have been represented by
the authors with the equation:24

, W cm–2 (Eq. 4.43)

with tm in s:25

, W cm–2 (billets, oil lubrication, 0.05 to 0.75% C) (Eq. 4.44)

, W cm–2 (slab, flux lubrication, 0.03 to 0.17% C) (Eq. 4.45)

Note that equation 4.43 cannot be valid at large tm, that is, for long molds and low casting rate. (q–

becomes 0 for tm = 146 s and negative for tm > 146 s.) Equation 4.39 yields, with vc = Lm/tm and
using Lm = 600 mm and A = 200 W cm–2 (m min–1)–0.56:

, W cm–2 (Eq. 4.46)

and

, W cm–2 (Eq. 4.47)

In Fig. 4.14 the curves given by equations 4.44 and 4.46 are drawn in addition to that representing
equation 4.43, for the comparison. In the range of practical importance 20 s < tm < 60 s, the dif-
ferent correlations are close to each other. Equation 4.47 gives higher values.

4.2.4.3 Influence of Other Factors on the Heat Flux Density in the Mold

The casting flux has an influence on the mold heat flux density.16,21,26 The thicker the flux layer
between the strand and the mold, the larger will be its resistance to heat transfer. It can be assumed
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that the casting flux layer thickness (dcf in Fig. 4.2) increases with increasing viscosity of the flux.
Hence, it seems reasonable that the heat flux density decreases with increasing viscosity. Also, the
melting point of the casting flux has an effect on the thickness of the flux layer and on the length
of the coherent layer zone. Fig. 4.16 shows data of the average heat flux density at 1 m min–1 plot-
ted against viscosity at 1300°C, or against liquidus temperature of the flux. The points of Alberny16

refer to the same experiments. There are no data in which viscosity and melting range have been
varied independently. The diagrams in Figs. 4.16a and b show the expected behavior. However, it
cannot be deduced which fraction of the change of q is the viscosity or the temperature effect.

There is also a difference of heat transfer between casting with slag or with oil, the latter exhibit-
ing higher heat flux densities. This effect is evident from the two diagrams in Fig. 4.15.25

In billet casting, a minimum of heat flux density has been found by several authors at carbon con-
tents of about 0.1 wt%18,28–30 (see Fig. 4.17). It is believed that this minimum is due to the specific
shrinkage behavior of such steels (peritectic transformation). It is not so clear whether such an
effect exists in slab casting.

Of course, the geometrical details of the mold, the material and the water flow rate influence heat
extraction. There is a rather strong effect of taper (billet, bloom), which has already been men-
tioned in the context of Fig. 4.9. Molds tapering slightly inward minimize the harmful effect of the
gas gap. Fig. 4.18 shows an increase of heat extraction by about 13% between 0 and 1% taper (area
related).31 In slab casting the heat flux density may be different at the wide and narrow faces. Also,
bulged molds used in thin-slab casting may exhibit increased heat transfer locally and in the average.
The mold material plays a role. The comparatively low heat flux densities in Fig. 4.9a were probably
due to the steel mold used instead of the normal copper mold. Platings, coatings and groovings are
used (or have been tried out) for different reasons and usually cause decreased heat flux densities.
There are many special effects that cannot be treated in this discussion.

4.3 Heat Withdrawal in the Secondary Cooling Zone
In the upper part of the secondary cooling zone, the strand is usually sprayed by water emerging
from nozzles arranged in the spaces between the rolls. Heat transfer is rather complex, involving
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several mechanisms. Fig. 4.19 shows a roll pair with the different cooling zones that are, in addi-
tion to the zone of direct spray impingement, the zones of the downward-flowing water, of the
water pool formed above the lower roll, of contact between roll and strand, and of dry cooling at
the strand surface that is not reached by the water. In the lower part of the secondary cooling zone,
heat transfer is mainly by radiation and by roll contact. Some modern continuous casting plants
apply no water sprays at all in the secondary cooling zone; that is, cooling is by radiation and by
roll contact over the whole surface of the strand below the mold. In such a practice the rolls are
internally water cooled.

Some of the mechanisms of cooling are fairly well understood, e.g., cooling by sprays; others have
not been investigated in detail. The state of the knowledge is described in the subsequent sections.

4.3.1 Spray Cooling
There are two main types of nozzles, according to the shape of the wetted area: flat jet nozzles used
in slab casting and cone nozzles used in billet and bloom casting. The wetted area in the first type
is in the form of a rectangle with small rounded sides; that of the second type is in the form of a
circle (full cone nozzle). There are also two types according to the discharge media: conventional
nozzles for discharge of only water and nozzles for discharge of air-water mixtures (air-mist noz-
zles), where the water emerging from the nozzle disintegrates into a cloud of small droplets. The
average droplet size may vary between 100 and 1000 µm, with the air-mist nozzles making smaller
droplets. The water flux density impinging on the target (in the form of droplets) is more or less
nonuniform over the sprayed area, depending on nozzle design. Its average value decreases with
increasing distance between nozzle and target, because the sprayed area becomes larger and
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increases with the water pressure in the
nozzle.

In the following section, heat flux data are
given. It will be evident that the heat flux
density at the strand surface is influenced
considerably by the features of the spray
system. Hence, the spray pattern details
for the nozzles used are very important
and must be known for proper control of
strand cooling in the secondary cooling
zone.

4.3.1.1 Heat Extraction by Water
Spray Nozzles

In spray cooling the evaporation of water
plays an important role. The same charac-
teristic heat transfer curve with a maxi-
mum and minimum is observed as
discussed in Section 4.2.3.1, but the max-
imum and minimum are at much higher
temperatures. A typical heat flux versus
temperature relationship is shown in Fig.
4.20.32 There is a maximum of heat flux
density at low temperature, corresponding
to the burn-out point in Fig. 4.6, and a criti-
cal temperature at which the range of stable
film boiling commences, corresponding to
the Leidenfrost temperature. The cooling

characteristics of spray nozzles have been measured by numerous authors. The data are presented in
various forms: as the total heat flux density qt, as the heat flux density qs due to the effect of the

roll slab
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impingement

downwards flowing water,
rebounding drops

water accumulation

roll contactroll

nozzle

Fig. 4.19 Regions with different heat transfer mechanism
between a roll pair in the spray zone of a slab caster.
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spray (which is the total heat flux density qt minus that due to radiation qr), as a total heat transfer
coefficient ht and as a spray heat transfer coefficient hs.

The heat transfer coefficients are usually related to the difference between the surface temper-
ature T0 and the water temperature Tw, that is:

(Eq. 4.48a)

and

(Eq. 4.48b)

However, sometimes it is related to the difference between the temperature T0 and the boiling point
of water Tbp. The radiative heat flux density is usually taken as:

(Eq. 4.49)

This may be a satisfactory approximation. Also (T0
4 – Tbp

4), with Tbp being the boiling point of
water, has been used as the driving force; however, this does not make much of a difference in com-
parison to equation 4.49. Correspondingly, the radiative heat transfer coefficient is:
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Fig. 4.21 Variation of heat transfer coefficient with position on sprayed target. From Ref. 35.
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(Eq. 4.50)

Note that in equations 4.49 and 4.50 all temperatures must be in K. The total heat flux density qt and
the total heat transfer coefficient ht are obtained by adding the radiation parts given in equations 4.49
and 4.50:

qt = qs + qr (Eq. 4.51)

ht = hs + hr (Eq. 4.52)

The data available for the heat transfer coefficients or heat flux densities have been reviewed and
brought into common correlations by several authors.10,33,34 The main factor controlling the heat
transfer rate apart from the surface temperature T0 is the water flux density Vw. Since the water flux
density varies locally on the target, the heat flux density and heat transfer coefficient are also local
quantities. Fig. 4.21 shows a typical example for the variation of hs with position on the target.35

Unfortunately, the local varia-
tion of the heat transfer rate
has not been recognized by
all authors; that is, measure-
ments were performed with
rather large probe areas so
that conditions were nonuni-
form over the area of the
probe, or it is unclear on the
whole whether local values or
averages over some area were
reported.

As is evident already from
Fig. 4.20, the heat flux den-
sity is a strong function of
temperature, particularly at
lower temperatures. It is not
clear, however, in which man-
ner the heat flux density
varies with temperature in the
range of continuous casting,
that is, above about 700°C.
Depending on the author it
may be practically indepen-
dent of T0,

36 or it may
increase31,38,39 or still decrease
somewhat with increasing T0.
The heat transfer coefficients
are often taken to be practi-
cally temperature-indepen-
dent. But most authors find a
decrease with increasing T0.
Since the heat transfer coeffi-
cient seems to be tempera-
ture-dependent and, in fact,
there is no reason why it
should not be so, it may be
more appropriate to report the
directly measured q (T0)
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functions rather than convert them into h (T0) functions. Fig. 4.22 shows examples of the measured
heat flux density versus temperature relationships. The strong effect of water flux density Vw is
clearly evident. The data of many authors can be brought together in the temperature range above
about 900°C by plotting the spray heat flux density qs against the water flux density Vw.10 Such a
diagram in double-logarithmic scale is shown in Fig. 4.23, yielding a correlation qs = 23.3 Vw

0.65

with qs in W cm–2 and Vw in 1 m–2 s–1. Vw contains the effect of distance between nozzle and tar-
get; that is, changing the distance affects qs via the changing value of Vw.

Though Vw is the most important parameter controlling qs above about 900°C, there are also effects
from the velocity of the water at the nozzle exit and from the water temperature Tw. The water
velocity vw is related to the water pressure in the nozzle ∆p according to vw ~ ∆p

1/2. Figs. 4.24a and
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b show data of different authors for the variation of qs with ∆p
1/2 or with vw.31,37–39 In Fig. 4.24c the

different data are brought together into one curve,10 showing that the influence of water velocity
can be expressed as qs ~ vw

0.37. The available data on the effect of water temperature35,36 are pre-
sented in Fig. 4.25, indicating that the heat flux density qs decreases with increasing Tw, as might be
expected. In Fig. 4.25b, qs (Tw)/qs (Tw = 20°C) is plotted against (Tw – 20), yielding the relationship
qs (Tw)/qs (Tw = 20°C) = 1 – 0.009 (Tw – 20). Using vw = 15 m s–1 as a typical value in the rela-
tionship qs = 23.3 Vw

0.65 established in Fig. 4.23, and the functions between qs and vw, and between
qs and Tw as deduced in Figs. 4.24 and 4.25, the correlation for the heat flux density qs becomes:

, W cm–2 (Eq. 4.53)

with Vw in l m–2 s–1, vw in m s–1 and Tw in °C. The range of validity is T0 = 900 to 1000°C, Vw =
0.1 to 50 l m–2 s–1, vw = 10 to 40 m s–1 and Tw = 20 to 80°C.

The corresponding equation for the heat transfer coefficient (T0 = 1000°C, Tw = 20°C) is:

, W m–2 K–1 (Eq. 4.54)

It should be noted that, in actuality, the effective water velocity is that of the impinging water droplets,
but in equations 4.53 and 4.54 vw is the velocity of the water stream at the nozzle exit. Hence, it is
inferred in equations 4.53 and 4.54 that vw(effective) ~ vw, which is only so if the distance between
the nozzle and the target is small. Both the water flux density Vw and the impingement velocity
vw(effective) have the dimension of velocity. They are interrelated by Vw = gw vw(effective), with gw
being the volume fraction of water in the water-air mixture hitting the target.

4.3.1.2 Heat Extraction by Air-Water Nozzles

Air-mist cooling is increasingly used, although the nozzle and the feeding system (two lines for
water and air, respectively) are considerably more complicated. Air-water nozzles produce much
smaller droplets (mist). This brings about the advantage of more uniform and softer cooling of the
strand. Hence, air-mist cooling is particularly beneficial in the continuous casting of crack-sensi-
tive steels, such as heavy plate grades. The mixing of water and air is performed usually within the
nozzle. The volumetric air/water ratio can be varied over a wide range, but typical values used are
between 20 and 500 (0.02 to 0.5 Nm3 air per liter of water).

Heat extraction by air-water nozzles occurs both via water and air. It is obvious that at high gas flow
rates and low water flow rates heat transfer into air will play a significant role. A considerable

h V v Ts w w w= - -ÈÎ ˘̊87 2 1 0 009 200 65 0 37. .. . ( )

q V v Ts w w w= - -ÈÎ ˘̊8 55 1 0 009 200 65 0 37. .. . ( )
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amount of water can be replaced by compressed air without decrease in the extent of strand cool-
ing. At high water flow rates, however, the effect of air will be small or negligible. Hence, for air-
mist strand cooling the heat flux is composed of three parts, namely those related to water, air and
radiation. However, in the literature the subdivision has not been performed, and total heat transfer
coefficients are reported instead. The gas flows used have been given in various terms, such as air
flow rate at the nozzle exit, air/water ratio at the nozzle exit, air momentum, air flux density (being
unclear as to how this is computed) or impingement velocity. Unfortunately, it is not possible to
deduce from the data the functional relationship between the heat flux density (heat transfer coeffi-
cient) and the variables relevant for the two phases. In Fig. 4.26 the available data on the total heat
transfer coefficient35,37,42–45 have been plotted against the water flux density Vw, with the Qair/Qwater
ratios at the nozzle given in Nm3 l–1. Included in the diagram is the relation hs = 238 Vw

0.65 for the
only-water spray, which is equivalent to the relation qs = 23.3 Vw

0.65 (at T0 = 1000°C, Tw = 20°C, hs
in W m–2 K–1 and qs in W cm–2) given in Fig. 4.23. At low Vw the heat transfer coefficients for air-
mist jets are above this line, indicating the effect of the air. The data of individual authors45 show
the increase of ht with Qair/Qwater at a given Vw, but for all the data together this obvious effect dis-
appears in the large scatter.

4.3.2 Dry Cooling
As already mentioned, the cooling of the strand in the lower dry part of the secondary cooling zone
is mainly by radiation. The expressions for the heat flux density and the heat transfer coefficient
are given as equations 4.49 and 4.50. The emissivity values used range from 0.6 to 0.8. Heat trans-
fer is also due to natural convection, but this part is rather small compared to the radiation part.

Air jets have also been used for strand cooling. In this case there is an additional part of heat transfer
by forced convection, which may approach that of radiation depending on the parameters of the jet.

The dimensionless relationships for natural convection heat transfer are given in the form Nu = f
(PrGr), with Nu = Nusselt number, Pr = Prandtl number, and Gr = Grashof number.6,7 In the range
PrGr ≈ 109 existing in continuous casting of steel, the correlations are in the form Nu = C (PrGr)

1/3
,

which has the consequence that the geometrical length cancels in the expression for the heat transfer
coefficient. The following equations can be derived for cooling in air, with the surface temperature
T0 ranging from 600 to 1200°C and taking the ambient air temperature Tair to be about 200°C:

0.21  

Water flux density Vw, l m-2  s-1  

0.1 0.2 0.4 1.0 2 4 10 20 40 100

10000

6000

4000

2000

1000

200

100

600

400

To
ta

l h
ea

t t
ra

ns
fe

r 
co

ef
fic

ie
nt

 h
t, 

W
 m

-2
 K

-1

Nm3

  l
,

0.06 to 0.5

0.034

0.050

Tw   20˚C~~

Qair
Qwater
0.21 to 0.58
0.034 and 0.050
0.46 to 2.3
0.026 and 0.072
0.054 to 0.23
0.06 to 0.5 

Shimida et al.
Benoit et al.
Mitsutsuka, Fukuda
Jacobi et al.
Murakami et al.
Reiners

T0, ̊ C
700
850 to 1300
700
800
600 to 800
not given     

hs(1000˚C) = 238 V  w
  0.65

Qair
Qwater

=

2.3

0.23

0.027

0.076
0.054

0.58

0.46

1.1

0.11
0.30

(     )
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vertical surface: hnc = 104λ; qnc = 104λ(T0 – Tair) (Eq. 4.55)

upper side of horizontal surface: hnc = 133λ; qnc = 133λ(T0 – Tair) (Eq. 4.56)

lower side of horizontal surface: hnc = 180λ; qnc = 180λ(T0 – Tair) (Eq. 4.57)

with λ in W m–1 K–1, h in W m–2 K–1, q in W m–2. The value of the thermal conductivity λ to be
inserted is that at the mean temperature T = (T0 + Tair)/2. The typical value of qnc is 0.4 W cm–2

(800°C), which is about 1/10 of qr and normally can be neglected.

The dimensionless correlation for forced convection heat transfer from a hot plate cooled by an
impinging gas jet with the same temperature at the nozzle exit as the ambient gas temperature can
be taken to be, in principle, of the form Nu = f (Re,Pr,D/dns,r/dns) with Re = Reynolds number at
nozzle exit, D = diameter of nozzle exit, dns = distance between nozzle and plate (strand), and r =
radial distance on plate (or radius of area for average Nu). Many different correlations have been
presented in the chemical engineering literature. Unfortunately, they differ and are often outside
the range of interest for continuous casting. It is proposed to use the following expressions for a
round air jet impinging on a round hot disc:46,47

(Eq. 4.58a)

(Eq. 4.58b)

Here, hfc and qfc are the average quantities over an area with radius r. The values for the kinematic vis-
cosity υ and for the thermal conductivity λ refer again to the mean temperature T = (T0 + Tair,nozzle)/2.

The following equations for the ther-
mal conductivity and for the kinematic
viscosity of air have been computed by
application of the kinetic theory of
gases:6

for 300 < T(K) < 200, λair =

3.330 x 10–4 T0.7602, W m–1 K–1

(Eq. 4.59)

for 400 < T(K) < 2000 at 1 atm, υair =

1.210 x 10–9 T1.6654, m2 s–1

(Eq. 4.60)

The density of air at 1 atm is given as:

, kg m–3 (Eq. 4.61)

Jacobi, Kaestle and Wuennenberg37

have investigated experimentally the
cooling of a laboratory steel ingot by
an impinging air jet. The nozzle was a
Lechler flat jet nozzle usually applied
for water spraying, and the jet of 2.43
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l s–1 was moved to and fro over the hot area of 0.15 m2. Hence, the conditions were not quite like
those under a round fixed jet. Nevertheless, Fig. 4.27 shows that their measured heat flux densi-
ties compare favorably with computed curves for qr + qnc and qr + qnc + qfc, respectively.

4.3.3 Strand Cooling by Roll Contact
A considerable amount of heat is withdrawn in slab casting by contact of the strand with the rolls.
Fig. 4.28 shows surface temperatures along the strand as measured with a traveling thermocouple.48

The positions of the rolls are indicated by the numbers. Water sprays are between the rolls. It is seen
that the temperature dips at the positions of the rolls are considerably deeper than those in the spray
zones, indicating comparatively strong cooling by the rolls. The heat transfer coefficients for the roll
contact zones as deduced from such temperature traces are very large in the contact zones. Data are
given in Fig. 4.29. They must be computed with a two-dimensional model including the term
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∂(λ ∂T/∂z)/∂z (see equation 4.5 in Section 4.5) to take the conduction in the casting direction into
account, which cannot be neglected if strong temperature gradients exist in the z-direction. If this is
not done the heat transfer coefficients may come out zero or negative for the heat-up zone after the
contact, which is clearly impossible.

The length of the contact zone depends, in principle, on many parameters (position along the
strand, roll pitch, roll diameter, casting rate, spray cooling, design of rolls, and bending or mis-
alignment state of the roll) and can hardly be predicted. Experimentally, it was found that the con-
tact length was in the order of a few centimeters (i.e., 2 to 3 cm, Figs. 4.28 and 4.29). Fig. 4.30
shows data for heat extraction by the rolls plotted against distance from the meniscus. The scatter
is large, and a variation along the strand cannot be discerned within the scatter. The data are given
in terms of watt per unit width length of the slab and must be divided by an assumed contact length.
The average in Fig. 4.27 is 24,800 W m–1. Taking a contact length of 4 cm the heat flux density is
620 kW m–2, and the heat transfer coefficient is about 600 W m–2 K–1 (average over the contact
length).
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Fig. 4.30 Examples for heat extraction by the rolls. From Ref. 48.

Table 4.3  Typical Values for Heat Transfer Coefficients in the Secondary Cooling Zone

Typical value for
heat transfer

coefficient at 1000°C
Zone Source of data (W m–2 K–1)
Dry Eqs. 4.49 and 4.50 100

Direct spray Eqs. 4.53 and 4.54 200–2000
or data in Fig. 4.26

Downward-flowing water 200–500

Water accumulation From pool boiling data 1000

Roll contact 1500 (peak)
600–800 (avg.)



4.3.4 Summary
Since the heat transfer in the secondary cooling zone is complex, involving several mechanisms,
the heat transfer coefficient used in models should take into account the different heat transfer
zones if detailed predictions are to be made. Table 4.3 refers to Fig. 4.26 and gives equations (or
diagrams) and typical values for the heat transfer coefficients.

Surface temperature variations due to the heat transfer coefficient variations are dampened in the
interior of the strand and may practically disappear within a centimeter or so. If the detailed sur-
face temperature development must not be known and/or if mainly the shell thickness and sump
length are to be computed, it suffices to use average heat transfer coefficients (heat flux densities)
for the regions between a pair of rolls. The average values are deduced by weighting the data for
the different mechanisms according to area fractions.

4.4 Plant Data on Growth of Solid Shell
The other measurement that has been carried out in addition to that of heat flux is the determina-
tion of shell thickness. Most frequently the data are deduced from the hollows originating in break-
outs.49 Since the breakout usually occurs at the mold exit, data can be obtained only for the region
of the mold and possibly somewhat below. Another method is the sensing method, in which the
solid/liquid boundary in the interior of the strand is located with a mechanical sensor immersed at
the meniscus in the mold.20 Several techniques can be used to determine shell thickness along the
mold and the secondary cooling zone as well. Controlled breakouts are produced by cutting (or
shooting) a hole into the strand shell.28 This technique is very expensive. Radioactive tracers (e.g.,
Au198) or chemical tracers (FeS), which distribute in the liquid core of the strand, are added at the
meniscus, thus marking the solidification front.16,21,24,50–52 Its location along the strand is deter-
mined, after cooling to ambient temperature, by sectioning the strand and identifying the tracer.
Another method is to drop a heavy pill of tungsten with an interior radiation source (Au198 or Co60)
or a lump of lead that sinks downward at a relatively high speed and settles at the bottom of the
sump.51,52 Also, a nail (or pin) of hard steel with liquidus temperature lower than that of the cast
steel has been shot into the strand and melts away in the liquid.50

All of these methods have drawbacks. The breakout shells refer to non-normal conditions. The
tracer methods can give meaningful results only if the distribution occurs very quickly over the
whole of the liquid interior. Also, the lead must sink down quickly without impediment by strand
curvature. Neither of the techniques gives the exact thickness of the solid shell because of the for-
mation of the mushy zone. That is, the measured data are too large in principle and can be close to
the solid shell thickness only for steels with a small solidification range, e.g., for low-carbon steels.
For instance, the nail tip in the nail method melts away, depending on its liquidus and solidus tem-
peratures and its mass, at some location within the mushy zone of the strand. The tracer methods
will mark a location close to the liquidus contour because the convection is small in the interden-
dritic melt. Also, the breakout shells reflect some location within the mushy zone. Consequently,
the shell thickness values reported for steels with large solidification ranges may be much too
large. Singh and Blazek27,28 found that the shells measured with the breakout method were con-
siderably thicker in 0.9% C steel than in 0.05% C steel. This is very unlikely. The solid shell of the
0.9% C steel should be thinner than that of the 0.05% C steel (at the same average heat flux den-
sity) because of the increase of the mushy zone with carbon content.

Fig. 4.31 shows data of apparent shell thickness ´xs´ for a low-carbon steel (0.06% C) measured
with the radioactive tracer method. The thickness values are plotted against distance z from the
meniscus in Fig. 4.31a or against solidification time t = z/vc in Fig. 4.31b. At a given z the shell
thickness increases with decreasing casting velocity vc (see Fig. 4.31a) because of the longer trav-
eling time (solidification time) of the shell to the position z. However, similarly as for the local heat
flux density, the shell thickness values for different velocities can be combined fairly well into a

Heat Withdrawal in Continuous Casting of Steel

Copyright © 2003, The AISE Steel Foundation, Pittsburgh, PA. All rights reserved. 29



single dependency by the plot versus time (Fig. 4.31b). It is to be remembered, however, that
strictly the shell thickness and related quantities cannot be a sole function of time in normal con-
tinuous casting (see remarks with respect to the heat flux density in Section 4.2.4).

Figs. 4.32 and 4.33 show ´xs´ – t data for low-carbon steels16,21,23,28,50,53,54 and for stainless steel24,49

as reported by various authors in the log-log diagram. There is considerable deviation, particularly
at small times between the various sets of data, but each set can be represented satisfactorily by a
straight line indicating that the equation:
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´xs´ = K´ tn (Eq. 4.62)

can be used to describe the ´xs´ – t relationships. The exponent n varies from about 0.5 to 0.9
depending on the author. Since at large times all the measured ´xs´ values converge, the larger
results in a smaller K´.

Following heat flow theory, it has been customary since the early days of continuous casting to use
the square root law:

´xs´ = K t0.5 (Eq. 4.63)

for the description of shell growth. However, this equation is theoretically based on certain condi-
tions, e.g., constant surface temperature T0 and no superheat, which do not prevail in the real con-
tinuous casting process and in other technical solidification processes. Hence, it is not surprising
that this relationship cannot be strictly fulfilled (see data in Figs. 4.31 to 4.33). Particularly in the
mold region the shell growth may deviate considerably from the square root law, being often closer
to a linear law. Nevertheless, in the average for the mold and for the secondary cooling zone, equa-
tion 4.63 is a convenient approximation. Apparent K-factors for the mold can be computed, of
course, from the shell thickness at the exit of the mold, or at some distance z from the meniscus,
and the corresponding time. K-factors range from about 12 to about 30 mm min–0.5 for low-carbon
steel. Some influences are presented below.

Modified square root laws involving two parameters K1 and K2 have also been used; for instance,
the formula:50,55

´xs´ = K1 t0.5 – K2 (Eq. 4.64)

which, of course, is applicable only in the range t ≥ (K2/K1)
2. Another form may be

´xs´ = K1 (t + K2
2)0.5 – K1K2 (Eq. 4.65)

This formula yields a linear ´xs´ – t function for t → 0 and the square root function for t → ∞. In
fact, the data in Fig. 4.31b can be represented quite well by equation 4.65 with K1 = 6.05 mm s–0.5

and K2 = 4.44 s0.5.
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4.4.1 Parameters Influencing K-factors

K-factors depend on the region of the strand for which they are evaluated. They may vary con-
siderably along the length of the mold and the first part of the secondary cooling zone, but become
fairly constant in the medium part of the secondary cooling zone. In the sump region, the rate of
solid shell growth increases in billets (square and round) because the internal boundary between
solid and liquid at which the heat of solidification is released continuously decreases. Hence, K-
factors for the sump length are larger for billets than for slabs. The shell thickness may be rather
nonuniform along the periphery of the strand at given distance from the meniscus (or given time)
due to nonuniform cooling conditions. K-factors reported in the following refer to the average
shell thickness.

K-factors for the mold region decrease with increasing superheat. The superheat may cause a delay
of the initial solidification directly at the meniscus so that the first solid forms somewhat below the

meniscus, and it defi-
nitely decreases the
rate of shell growth in
the upper part of the
strand. Figs. 4.34 and
4.35 show K-values as
reported by Tarmann
and Forstner54 and ´xs´
values for certain
times as evaluated
from these data by
Wolf,25 as a function
of superheat.

Several measures that
influence the heat flow
from the strand also
influence the K-factor.
Hence, K is expected
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to be larger for open pouring with oil lubrication than for closed pouring with mold powder addition
(see data on heat flux density in Fig. 4.15). In the list of K-values compiled by Wolf,25 the K-val-
ues for oil lubrication range from 18.0 to 38.4 mm min–0.5 (average of 24.6 mm min–0.5 for seven val-
ues) and those for flux lubrication from 14.1 to 21.9 mm min–0.5 (average of 17.9 mm min–0.5 for
31 values), for steel with ≤ 0.15% C.

The extent of contact between the strand and the mold influences shell growth in a similar way as
heat flux density. Hence, taper of the mold and guidance of the strand below the mold, along with
the manner of strand shrinkage, have an effect, which has the maximum around 0.1% C. Systematic
investigations of such effects, however, do not seem to be available.

K-factors for the secondary cooling zone increase with the amount of spray water. Experimental
data obtained on billets with steel of 0.25% C (Ck 25) are shown in Fig. 4.36.

4.4.2 Relationship Between Shell Thickness and Heat Flux Density
in the Mold
Although the shell thickness can readily be computed from the heat flux density at the strand surface
by using a theoretical numerical model, simple approximate formulae are useful for fast estimates.

Such a formula can be obtained by equating the heat removed at the surface of the strand with the
enthalpy loss of the strand:

(Eq. 4.66)

from which follows:
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In the term cp , representing the loss of enthalpy of the solid shell, is an average
decrease of temperature below Tf of the shell at the position z. Equation 4.67 has been used by Vogt
and Wuennenberg11 for the calculation of shell thickness at the end of the mold, with =
100°C finding good agreement with the measured shell thickness data.

Nevertheless, must not be assumed, but can be computed. Taking the temperature profile 
in the shell to be linear, is half of the temperature difference between the solidification front
and the strand surface, [Tf – T0(z)]/2. This temperature difference can be obtained from:

(Eq. 4.68)

Inserting equation 4.68 into 4.66 and solving for xs(z) yields:

(Eq. 4.69)

The integral ∫0
z q(z) dz can be computed numerically from the measured q(z) data, or analytically

using an expression of the types given by equations 4.30 to 4.34.

It should be kept in mind that equation 4.69 is derived for pure iron solidifying with a planar solid-
ification front and, consequently, it is applicable only for steels with low content of other elements
solidifying with a short mushy zone.

4.4.3 Data for the Shell Thickness at the Exit of the Mold
A datum particularly important is the shell thickness xs,m at the exit of the mold because it gives
a measure for the risk of breakouts. Fig. 4.37 shows values of xs,m reported in the literature as a
function of strand velocity. The shell thickness decreases quite strongly with increasing strand
velocity.
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A number equation for xs,m as a function of average heat flux density q– and of casting velocity vc
can be derived from equation 4.69 in the following manner. The local heat flux density q(Lm) at the
exit of the mold is set proportional to the average heat flux density q–:

(Eq. 4.70)

Hence, from equation 4.69 follows:

(Eq. 4.71)

For the normal q-z relationship with exponential decrease of q with z, the factor fq can be com-
puted with equations 4.28 and 4.38, that is:

(Eq. 4.72)

Using ∆Hf = 262,000 J kg–1, cp = 750 J kg–1 K–1, λ = 32 W K–1 m–1, ρ = 7500 kg m–3 and fq = 0.62
or 0.47 for Lm = 0.6 m or 0.9 m, respectively, yields:

(for Lm = 0.6 m) (Eq. 4.73)

(for Lm = 0.9 m) (Eq. 4.74)

where xs,m is in mm, q– in W cm–2, Lm in m and vc in m min–1. The drawn curves in Fig. 4.37 are
computed with equations 4.73 and 4.74 using equation 4.46 for q–.

4.5 Modeling
Mathematical modeling of heat transfer in continuous casting has been performed for many years.
Initially, the objective was, as in other research areas, to achieve a better general understanding of
the process, or certain phenomena in the process. Later, modeling was used for optimizing cooling
strategies in real casting practice or in the design of casting machines. Recently, mathematical
modeling is applied for direct control of the casting process. That is, the temperature field of the
strand is computed on-line during casting and is used for adjustment of water sprays in the case of
disturbances. There are many interesting possibilities to connect on-line thermal tracking of the
strand with experience or with mathematical models on defect formation, and to build quality con-
trol systems around the thermal model.

The heat flow equation applicable to continuous casting with rectangular strand cross-section is:

(Eq. 4.75)

where vc = vz (constant in the z-direction) is the rate of strand movement. The origin of the z-coor-
dinate is at the meniscus. At steady state, which is the normal casting operation, equation 4.75
reduces to:
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(Eq. 4.76)

which is solved with the appropriate boundary condition at the surface x = 0 and taking the center as
a symmetry plane. At the broad side of slabs, and also at the sides of billets and blooms as long as
the shell is still sufficiently thin (and if the cooling at the surface is uniform in lateral direction), the
term ∂λ(∂T/∂y)/∂y for conduction in the lateral direction can be omitted. Usually, the conductive term
∂λ(∂T/∂z)/∂z is also neglected because the transport of enthalpy in the z-direction by conduction is
much smaller (in the average) than by convection. Hence, the simplest form of the heat flow equa-

tion used for modeling of heat trans-
fer in continuous casting is:

(Eq. 4.77)

However, the omission of
∂λ(∂T/∂z)/∂z is not permissible if
the temperature fluctuations at the
surface in the secondary cooling
zone due to the roll contact and
water impingement are to be com-
puted. These fluctuations can be as
large as several hundred degrees,
causing steep z-gradients of temper-
ature, which have to be taken into
account in the proper heat flow
analysis (see Section 4.3.3).
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The enthalpy curve H(T) of the steel depends on the phase diagram, which again depends on the
steel composition. Also, density and thermal conductivity depend on temperature and composi-
tion. Hence, additional software is needed to obtain the material data. In fact, more work is con-
tained in the development of good material data algorithms than in setting up the actual solution
procedure for the heat flow equation.

Fig. 4.38 shows an example for a heat flow analysis.50 Cooling in the secondary cooling zone was
with flat spray nozzles, and it was assumed that solely radiation occurred beyond the narrow spray
areas. The computed temperature dips at the surface in the impinged zones are partially as low as
500°C, the effect being strongest in the region below the mold. However, at about 20 mm depth
from the surface, the fluctuations have almost become dampened out. The fraction of the sprayed
area of the roll spacing was less than 10% in this case. Of course, the dips decrease if the water is
distributed more uniformly. Another example is given in Fig. 4.39.59 Here, the surface temperature
of the upper part of the strand is demonstrated by a computed ‘real’ color picture. The three-dimen-
sional model was used, taking the heat transfer coefficient at the edges, about half of those at the
sides.

4.5.1 Thermal Tracking
Although first computations of temperature profiles and shell thickness can be performed using the
relationships for heat flux density and heat transfer coefficients given in Sections 4.2 and 4.3, for
real on-line control such a procedure is not sufficiently accurate and the exact boundary conditions
must be deduced from the surface temperature measurements performed at the specific casting
machine. Further, the computations must be sufficiently fast, and the model must be non-station-
ary. Various models for real-time simulation have been described recently.59–62

In the work reported by Spitzer et al.,59 the heat transfer coefficient in the various cooling zones
were expressed by equations of the form:

hi = ai + biξ +ciξ2 (Eq. 4.78)

or

hi = ai + biξci (Eq. 4.79)

with the index i referring to
the cooling zone i. ξ is a
variable that can represent
different types of process
parameters depending on
whether it is for the mold
or a spray cooling zone.
The parameters ai, bi and ci
are determined by tracking
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through the caster, and by
minimizing the differences
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along the strand. For instance, if there are n cooling zones and all three coefficients are used, 3n
coefficients have to be determined. If the temperature is measured at k positions along the strand,
and if l slices are selected covering different casting conditions, kl temperature differences are min-
imized to find 3n coefficients.

The procedure has been described for a caster with six cooling zones (mold plus five secondary
cooling zones).59 Five pyrometers were installed, and seven strand slices were tracked. ξ is the cast-
ing speed for the mold, and for the secondary zones it is the spray water density. The effect reached
by the adjustment is seen in Figs. 4.40 and 4.41. Fig. 4.40 shows the surface temperatures as a
function of distance from the meniscus, with both the estimated and adjusted coefficients. The
measured temperature values are given by the symbols. The results shown in this figure are for a
typical steady state casting condition. In Fig. 4.41, for the first pyrometer position (uppermost
pyrometer) the calculated temperatures are given as a function of the time after start of casting and
are compared to measured temperatures. Again, the results obtained with both the estimated and
the adjusted coefficients are given. Within the observed period, casting speed and spray water den-
sities were varied. It can be concluded from these results and others that, by adjustment of bound-
ary conditions on the basis of specifically devised temperature measurements, an agreement
between the real and computed surface temperatures can be attained of mostly ± 20°C or better.

4.5.2 Quality Control Systems
It has already been mentioned that thermal tracking is the basis of a quality control system. For the
conclusion of this chapter, a proposal for such a system62 is shown in Fig. 4.42. The heart of the
system is the thermal model. The auxiliary software for the thermal model comprises the algo-
rithms (right side) for the computation of the phase diagram, enthalpy, thermal conductivity, den-
sity and other material properties and the algorithm (left side) for the optimization of the boundary
conditions. The lower field at the right shows the quality control tools. The defects are divided into
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Fig. 4.41 Comparison of measured and calculated surface temperature as a function of time (position of the first thermo-
couple in Fig. 4.40). From Ref. 59.



three classes: surface defects, internal cracks and macrosegregation. The predictions are made on
the basis of mathematical models and empirical data files. Non-normal events are stored (e.g.,
excessive bulging values62), and the respective parts of the strand are later subjected to a quality
inspection.
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